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Three  outer  membrane  proteins  (72,000  -  85,000  daltons)  were  coordinately 
produced  at  the  high  culture  iron  concentrations  appropriate  for  hydrox- 
amate  siderophore  production.  A  55,000  dalton  iron- repressible  outer  mem¬ 
brane  protein  present  in  magnetic  cells  was  absent  from  non-magnetic  mutant 
cells  and  may  function  in  bacterial  magnetosomes  synthesis.  A  cd^  nitrite 
reductase  was  present  only  in  the  cell  outer  membrane.  Iron  reductase  ini¬ 
tially  believed  to  be  in  the  outer  membrane  was  found  to  be  present  prin¬ 
cipally  in  the  periplasm. 

A  novel  method  of  obtaining  cell  periplasm  was  developed.  Periplasm  ob¬ 
tained  by  this  and  by  conventional  methods  was  found  to  be  the  major  re¬ 
pository  of  components  previously  unknown  to  be  associated  with  bacterial 
cell  periplasm  (a  soluble  CO-binding  c-type  hemoprotein,  a  FeSOD,  and  an 
iron  reductase). 

Bacterial  magnetosomes  were  purified  by  a  novel  magnetic  separation  tech¬ 
nique.  The  bacterial  magnetosome  envelope  was  found  to  consist  of  a  lipid 
bilayer  with  admixed  protein,.  Two  proteins  present  in  the  magnetosome 
membrane  were  absent  from  the  non-magnetic  cell  fraction  and  from  non¬ 
magnetic  mutant  cells.  Knowledge  of  their  primary  sequence  should  lead  to 
construction  of  valuable  probes  for  nucleic  acid  sequences  specifically 
associated  with  magnetite  formation  in  these  and  other  bacteria. 

In  contrast  to  iron  uptake  by  enteric  bacteria,  cell  iron  uptake  was  found 
to  involve  a  non-specific  active  transport  mechanism  at  low  iron  concentra¬ 
tion.  A  hydroxamate  siderophore  was  produced  only  with  the  culture  iron  at 
10  uM,  or  greater. , 
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FINAL  REPORT:  CONTRACT  N00014-85-K-0502 
DATE:  JUNE  6,  1989 

CONTRACT  TITLE:  IRON-ASSOCIATED  OUTER  MEMBRANE  PROTEINS  OF 
MAGNETIC  BACTERIA 

PRINCIPAL  INVESTIGATOR:  Dr.  Richard  P.  Blakemorc 

Department  of  Microbiology 

CONTRACTOR:  University  of  New  Hampshire 

Durham,  N.H.  03824 

PROJECT  PERIOD:  July  1,  1985  -  Jan  1,  1989 


BACKGROUND  AND  PROJECT  GOALS 

The  overall  effort  supported  by  this  contract  has  been  targeted  at  the  form  and  formation  of 
ultrafine  intracellular  magnetic  particles  by  bacteria.  Specifically,  investigation  was  made  of  the  iron- 
associated  cell  and  magnetosome  envelope  proteins  and  hemoproteins  as  they  relate  to  cell  iron  uptake,  to 
magnetite  formation  and  to  oxygen  toxicity.  Because  at  the  outset  of  this  project  cells  grew  variably  and 
produced  magnetite  in  a  somewhat  unpre^ctable  manner,  a  preliminary  need  was  to  achieve  improved  cell 
growth  and  reproducible  physiological  conditions  for  magnetite  formation.  This  stimulated  development  of 
microaerobic,  continuous  cultures  of  Aquaspirillum  mafftetotacticum  by  means  of  which  the  effects  of 
variation  in  culture  parameters  (Oj,  iron  concentration,  N  supply)  on  magnetosome  biogenesis  could  be 
evaluated  in  a  reproducible  way. 


APPROACH 

Culture  conditions  including  iron  and  oxygen  supply  have  marked  effects  on  the  magnetic  state  of 
cells  in  laboratory  cultures  of  the  obligately  microaerophilic,  magnetic  spirillum /I.  magnetotacticum.  An 
effort  was  initiated  to  establish  continuous  cultures  to  (i)  improve  cell  growth,  (ii)  reproducibly  obtain  cells 
of  constant  and  predictable  composition  and  physiological  state,  (iii)  investigate  effects  of  iron  and  oxygen 
on  cell  physiology,  and  (iv)  elucidate  the  protein  composition  of  periplasm,  magnetosome  membrane  and 
outer  membranes  of  cells  in  the  magnetic  and  non-magnetic  states. 

A  study  was  also  made  to  determine  whether  Aquaspirillum  magnetotacticum  cells  use  for  iron 
acquisition  a  high  affinity  (siderophore)  system  similar  to  those  used  by  other  gram-negative  organisms. 

A  novel  method  of  obtaining  cell  periplasm  was  developed.  Periplasm  was  examined  for  protein 
and  hemoprotein  components  expected  to  be  important  with  respect  to  iron  and  oxygen  in  cell  physiology 
and  magnetosome  biogenesis. 


RESULTS 

Improved  culture  methods:  Cells  of  A.  magnetotacticum  in  laboratory  batch  culture  typically  achieved  low 
cell  yields  and  were  variably  magnetic  or  non-magnetic.  Using  a  completely  iron-free  chemostat  vessel 
with  dissolved  oxygen  and  pH  control,  we  developed  continuous  culture  methods  for  this  obligate 
microaerophile  and  systematically  determined  limiting  nutrient  concentrations  and  controlling  culture 
parameters  such  as  dissolved  O,  concentration  and  pH  (Gorby,  YA.,  Ph.D  dissertation.  University  of  New 
Hampshire,  1989).  With  D=0.(r75/h  (T^j®  9.2  h),  control  of  pH  (6.8)  and  dissolved  oxygen  tension  at  1% 
of  saturation,  culture  biomass  was  increased  10-foId  with  more  predictable  and  reproducible  cell  growth 
and  Fe^O^  formation  than  were  previously  possible.  Denitrifying  magnetic  cells  (NO3'  as  the  limiting 
nutrienQ  and  non-denitrifying  cells  (NH^  as  the  limiting  nutrient)  became  non-magnetic  as  the  was 
increased  from  1  to  5%.  Cultures  shifted  back  to  1%  O,  again  became  magnetic.  This  reversible 
transition  between  magnetic  and  non-magnetic  state,  regulated  by  culture  O2,  provided  a  reproducible 
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system  for  examining  magnetosome  biogenesis  and  other  aspects  of  cell  physiology  involving  ceil 
membrane  and  periplasmic  components. 


Iron  uptake:  At  low  concentrations  iron  was  transported  into  A.  maffietotacticum  very  effectively  by  non¬ 
specific  means  (Paoletti,  L.C.,  Ph.D.  dissertation,  Univ.  New  Hampshire,  1988;  Paoletti  and  Blakemore, 
Conference  on  Iron  Biominerals,  Durham,  N.H.,  July,  1989),  The  Km  (35  juM)  and  Vmax  (1.25 
nmol/min/mg  biomass)  were  high  compared  to  those  of  enteric  bacteria;  as  expected  for  this  premier 
iron-accumulating  bacterium.  In  contrast  to  that  of  at  least  some  other  bacteria,  the  cell  iron 
concentration  (the  bulk  of  which  resided  in  magnetosomes)  varied  directly  with  culture  medium  iron 
concentration.  The  rate  and  extent  of  ferric  iron  transport  was  more  than  2-fold  greater  than  that  of 
ferrous  iron.  The  temperature  optimum  for  iron  uptake  was  that  for  optimum  ceU  growth  (25-30°  C)  and 
iron  uptake  was  inhibited  by  metabolic  poisons  either  totally  (mercuric  chloride,  2,4-dinitrophenol)  or 
partially  (sodium  arsenate).  These  latter  findings  are  consistent  with  iron  uptake  by  an  active  transport 
mechanism. 


Hvdroxamate  siderophores  at  high  but  not  low  iron:  Magnetic  cells  of  A.  mag^etotacticum  produced 
hydroxamate  material  when  cultured  with  20  or  40  liM  but  not  with  5/iA/,  or  less,  ferric  quinate  (  2  ). 
Cells  responded  similarly  with  iron  chelated  with  citric  acid.  Moreover,  they  produced  hydroxamates  with 
20  fiM  iron  as  ferric  citrate  when  the  molar  ratio  of  citrate  to  iron  was  1:1  but  not  20:1.  Since  the  latter 
situation  represents  low  available  iron  (due  to  formation  of  a  highly  polymerized  ferric  citrate  complex), 
these  results  are  consistent  with  those  obtained  with  ferric  quinate:  magnetic  cells  of  this  species  produce 
secondary  hydroxamates  only  when  cultured  at  iron-sufficient  conditions.  The  hydroxamate  material  in 
spent  culture  supernatant  fluids  promoted  growth  of  a  siderophore-deficient  Salmonella  mutant  in 
demonstration  of  its  role  as  a  siderophore  (  2  ).  Cells  of  A.  magnetotacticum  appear  capable  of 
dissimilatory  iron  reduction  (  14  ).  This  siderophore  could  promote  iron  availability  at  membrane 
respiratory  sites  in  the  increased  amounts  required  for  "iron  respiration".  Perhaps  only  with  the  metal 
available  in  sufficient  amount  for  use  as  an  electron  acceptor  is  the  solubilizing  chelator  mduced. 


Iron  and  ssil  outer  membrane  proteins:  Cells  of  A.  magnetotacticum  possessed  several  major  OMPs  ( 

2  ).  Three  OMPs  ranging  from  72,000  to  85,000  daltons  were  coordinately  produced  at  the  high  iron 
concentrations  conducive  to  hydroxamate  secretion  but  were  absent  from  cells  cultured  with  less  than  10 
fiM  iron.  The  72,000-,  76,00-,  and  85,000-dalton  OMPs  detected  in  cells  cultured  at  20  or  40  jiM  ferric 
quinate  may  serve  a  role(s)  in  iron  metabolism  comparable  to  those  of  OMPs  of  similar  sizes  and 
produced  under  similar  conditions  by  the  enteric  bacteria.  Their  coordinate  production  under  conditions 
in  which  cells  also  produce  hydroxamate  siderophores  suggests  that  one  or  more  of  these  may  be  involved 
in  hydroxamate  synthesis,  its  secretion,  or  function  as  a  cognate  membrane  receptor.  A  55,000  dalton 
iron-repressible  OMP  (IROMP)  was  present  in  magnetic  cells  cultured  at  low  but  not  at  high  ferric 
concentrations.  The  55,000  dalton  IROMP  may  not  function  in  iron  transport  via  hydroxamates  as  it  was 
repressed  at  iron  concentrations  necessary  for  hydroxamate  production.  Cells  of  non-magnetic  mutant 
cells  (NM-IA)  produced  hydroxamates  independant  of  the  available  iron  concentration  but  did  not 
produce  the  55,000  dalton  IROMP.  Inabili^  to  form  Fe^O.  by  this  mutant  strain  may  be  associated  with 
inability  to  form  this  IROMP.  The  novel  58,000  dalton  IROMP  produced  by  A.  magnetotacticum  cells 
cultured  with  citrate  as  the  chelator  is  most  likely  a  component  of  a  citrate-mediated  iron  uptake  system 
in  need  of  further  study  (  2  ). 

Cell  magietosome  membrane  composition:  Intact  magnetosomes  were  purified  form  A.  magnetotacticum 
by  a  magnetic  separation  technique.  Electron  microscopical  and  chemical  analyses  revealed  the  Fe^O^  to 
be  enclosed  by  a  lipid  bilayer  admixed  with  proteins  (  9  ).  Free  fatty  acids  were  detected  in  this 
membrane,  along  with  glycolipids  and  phospholipids  (phosphatidylserine  and  phosphatidylethanolamine). 

Of  the  many  proteins  detected  in  the  magnetosome  membrane,  two  were  not  found  in  other  cell 
membranes  or  soluble  fractions  (  9  ).  Continuing  collaborative  study  of  magnetosome  cores  (crystal 
lattice  imaging  by  means  of  high  resolution  transmission  electron  microscopy)  yielded  information 
concerning  novel  bullet-shaped  magnetosomes  known  only  to  be  produced  by  bacteria  (7,8). 


Recovery  asd  analysis  sjf  gsU  periplasm:  We  developed  a  rapid,  simple,  reproducible  freeze-thawing  (F/T) 
method  of  selectively  releasing  periplasmic  substances  from  ceils  of  A.  maffietotacticum  (in  addition  to 
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those  of  A.  itersonii,  and  Azospirillum  lipoferum)  without  recourse  to  chemical  treatments  (  6  ).  A 
comparative  study  of  this  new  method  was  carried  out.  Electrophoretic  banding  patterns  and  difference 
spectra  of  proteins  and  hemoproteins  released  from  cells  by  F/T  were  distinct  from  those  of  membrane- 
assodated  substances  and  similar  to  those  of  peripiasmic  substances  obtained  by  conventional  fractionation 
methods  (osmotic  shock,  chloroform  treatment,  etc.).  Periplasm  so  obtained  was  examined  for 
components  expected  to  be  of  importance  in  cell  iron  and  oxygen  physiology.  Several  substances  were 
identified  as  novel  peripiasmic  components  (see  below).  These  need  to  be  assessed  in  other  bacterial 
species  to  better  understand  their  possible  uniqeness  to  magnetic  bacteria  and  possibly  to  magnetite 
formation. 

Peripiasmic  substances  associated  with  iron  (and  oxvgen~>:  While  mvestigating  the  cytochromes  within 
cells  respiring  with  diverse  oxidants  (  5  ),  we  determined  that  more  than  8S%  of  the  total  cytochromes 
detected  in  A.  mafftetolacticum  were  of  the  c  type.  Whereas  virtually  all  of  the  a-  and  h-types  were 
detected  in  cell  membranes,  70%  of  the  c-type  hemes  were  soluble.  Large  quantities  (60%  of  total  cell 
cytochromes)  of  soluble  c-type  hemes  were  released  with  periplasm  by  the  F/T  method.  Soluble  Cgg^ 
occurred  in  two  forms:  as  a  single  compound  of  apparent  molecular  weight  17,0(X)  daltons,  which  bound 
CO,  and  together  with  d.  heme,  as  a  component  of  nitrite  reductase  (Gorby,  YA.,  Ph.D.  dissertation, 
Univ.  New  Hampshire,  1989).  Antibodies  raised  against  the  soluble,  peripiasmic,  (20-bindiiig  c^jg^-type 
hemoprotein  were  used  in  Western  blotting  of  the  separated  cell  inner  membrane,  outer  membrane, 
magnetosome  membrane  and  peripiasmic  proteins.  These  antibodies  reacted  with  one  peripiasmic  and 
one  17,000  dalton  outer  membrane  protein  (Paoletti,  L.C.,  Ph.D.  dissertation.  University  of  New 
Hampshire,  1988).  Because  this  abundant  peripiasmic  c-type  hemoprotein  was  found  to  bind  CO  (  5  ),  it 
was  of  interest  to  determine  whether  it  mi^t  also  bind  oxygen  and  function  in  a  manner  similar  to 
Rhizobium  leghemoglobin  or  Vitrioscilla  hemoglobin;  that  is,  to  bind  Oo  and  keep  its  concentration  as  free 
Oj  low.  Subsequent  collaborative  research  with  Prof.  Robert  Poole  (lung’s  College,  London)  has 
indicated  that  this  hemoprotein,  despite  binding  CO,  is  not  a  cytochrome  oxidase.  That  is, 
photodissociation  of  bound  CO  at  -105°  C  was  not  observed.  Investigations  of  its  properties  and  cell 
role(s)  are  continuing. 

Recently,  c-  and  d-type  hemes  were  detected  in  the  outer  (but  not  inner)  membrane  by  means  of 
low  temperature  red-ox  spectra.  Moreover,  NOj*  was  reduced  to  NgO  outer  membranes  but  not  by 
periplasm  or  inner  membrane  preparations  of  denitrifying  cells.  These  results  indicate  that  a  nitrite 
reductase  of  the  cd^  multiheme  t)^  is  located  on  the  A.  magnetotacticum  cell  outer  membrane.  This  is 
unusual  in  that  most  nitrite  reductases  of  this  type  are  soluble.  The  spectral  and  kinetic  data  indicated 
that  the  presence  of  this  enzyme  in  this  cell  fraction  was  not  due  to  contamination  from  another  during 
fractionation.  Nitrite  reductase  in  the  outer  membrane  may  serve  to  protect  the  cell  from  excessive 
(toxic)  nitrite  accumulation  at  vital  internal  cell  locations. 

Cells  of  A.  magnetotacticum  may  reduce  iron  during  growth,  thereby  producing  extracellular 
vivianite  and  intracellular  magnetite  (  14  ).  They  reductively  dissolve  insoluble  ferric  oxyhydroxide  present 
in  the  culture  medium.  We  explored  the  possibility  that  iron  reductase  might  be  located  in  the  cell  outer 
membrane  and  determined  the  iron  reductase  activity  in  cell  fractions  of  wUd-type  and  non-magnetic 
mutant  cells  of  this  organism  (11).  Reductase  activity  was  predominantly  located  in  the  cell  periplasm 
(65-77%  of  total  activity  detected).  Cytoplasm  contained  20-30%  and  membrane  fractions  3%  of  total 
iron  reductase  activity  detected.  The  iron  reductase  activity  measured  in  cell  soluble  fractions  was 
constitutively  produced  over  the  range  0-40  pM  iron  and  reduced  uncomplexed  iron  or  iron  complexed  to 
any  of  a  variety  of  natural  chelators  (quinate,  DHB,  acetohydroxamate,  ferrioxamine  B,  citrate).  Iron 
complexed  with  quinate  allowed  for  most  effective  iron  reductase  activity  (K,,^,  IMM  22  nmol  Fe^^ 

formed/min/mg  protein)  of  any  chelator  tested.  Ceils  of  this  organism  translocaie  protons  outward  in 
response  to  addition  of  ferric  ions  and  should  therefore  be  capable  of  "iron  respiration”  by  reducing  this 
oxidant.  The  soluble  iron  reductase  activity  was  unaffected  by  a  selection  of  respiratory  inhibitors 
(HQNO,  antimycin  A,  rotenone)  at  4  pM  each,  whereas  membrane-associated  activity  was  inhibited  by 
10%  of  control  rates  by  these  inhibitors.  Sulfhydral-binding  poisons  (HgCL  at  1  pM)  totally  destroyed 
activity  of  the  soluble  enzyme  and  activity  was  completely  and  reversibly  inhibited  by  Og  (  11  ).  Because 
iron  reductase  activity  is  important  in  diverse  cell  functions  (insertion  of  iron  into  hemes,  iron  release 
from  ferrisiderophores,  cell  respiration)  including  Fe^O.  formation  cell  inability  to  grow  or  produce 
magnetite  at  hi^  Og  may  relate  to  the  Og  sensitivity  o?  this  enzyme.  A  peripiasmic  location  of 
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respiratory  iron  reductase  would  (i)  obviate  the  potential  membrane  barrier  presented  to  ferric  iron  were 
its  terminal  reduction  sites  intracellular  and  (ii)  promote  a  favorable  proton  gradient  by  keeping  the 
protons  that  accumulate  during  iron  reduction  outside  the  cell.  Abundant  periplasmic  iron  reductase 
activity  could  promote  iron  transport  and  prevent  accumulation  of  surficial  ferric  oxyhydroxides  in  this 
motile  spirillum.  Moreover,  this  microaerophile  could  be  expected  to  be  favored  by  low  Og  if  an  O^- 
susceptible  iron  reductase  necessary  for  growth  or  survival  were  located  near  the  cell  surface. 

Because  cells  are  iron-rich  and  respire  microaerobically,  univalent  O2  reduction  could  result  in 
iron-catalyzed  toxic  OH'  formation  from  Oj'  via  Haber-Weiss  and  Fenton  reactions.  We  examined  ceU 
superoxide  dismutase  (SOD)  activity  and  the  location  of  this  oxygen-protective  enzyme  in  cell  fractions  ( 

IS  ).  The  majority  (roughly  95%)  of  total  cell  SOD  activity  was  located  in  the  cell  periplasm  with  little 
or  no  activity  in  the  cell  membranes  or  cytoplasm.  Iron-ty^  SOD  (FeSOD)  contributed  88%  of  the  total 
activity  detected,  although  a  manganese-type  SOD  was  also  present  in  periplasm.  Cells  cultured  at  greater 
than  1%  dissolved  oxygen  tension  expressed  increased  activity  of  the  manganese  type  SOD  relative  to 
FeSOD.  Magnetic  cells  expressed  approximately  20%  of  the  total  SOD  activity  detected  within  aerobically 
grown  cells  of  £.  colt.  The  obligately  microaerophilic  nature  of  A.  magnetotacticum  cells  appeared  to 
relate  to  their  inability  to  express  measurable  levels  of  catalase  and  to  their  relatively  low  level  (as 
compared  to  that  of  aerobes)  of  SOD  (  15  ).  The  novelty  of  rmding  a  periplasmic  SOD  may  be  due  to 
the  fact  that  other  investigators  nearly  always  have  examined  "membrane"  and  "soluble"  cell  fractions 
without  separating  "periplasmic"  from  remaining  "soluble"  components.  A  periplasmic  location  of  SOD 
could  be  important  in  magnetic  bacteria  which  have  high  intracellular  iron  concentrations  by  maintaining  a 
low  superoxide  anion  concentration  at  respiratory  membrane  sites. 


PROSPECTS 

Culture  methods  we  have  developed  should  open  new  possibilities  for  investigating  magnetosome 
biogenesis.  In  particular,  the  newly  acquired  ability  to  control  magnetosome  formation  (the  degree  of  cell 
magnetism)  and  cell  growth  offers  reproduciblity  not  previously  available.  Of  immediate  interest  would  be 
a  study  of  magnetosome  membrane  biogenesis  and  membrane  protein  synthesis  in  cells  shifted  from  the 
non-magnetic  state  to  conditions  "permissive"  for  Fe^O^  formation  (with  and  without  chloramphenicol 
treatment). 

It  has  not  yet  been  determined  whether  the  hydroxamate  chelator  produced  at  high  but  not  low 
iron  in  batch  cultured  cells  requires  induction  or  de-repression  by  iron  in  the  medium.  Moreover,  the 
material  has  not  yet  been  purified  or  characterized.  A  single  attempt  to  do  so  was  unsuccessful  and  was 
frustrated  by  the  limited  quantity  of  material  then  available.  The  unusual  regulation  of  the  production  of 
this  material,  coupled  with  the  improved  culture  yields  now  obtainable,  suggests  that  additional  study 
would  be  worthwhile. 

Iron-associated  OMPs  and  magnetosome  membrane  proteins  have  not  been  sequenced  or 
characterized.  They  can  be  expected  to  be  of  value  in  constructing  membrane  vesicles  with  the  intent  of 
obtaining  magnetosome  biogenesis  in  vitro.  The  research  is  also  now  poised  to  begin  identifying  some  of 
the  amino  add  sequences  of  these  proteins  with  the  purpose  of  producing  genetic  probes  for  identifying 
genes  assodated  with  bacterial  magnetite  production. 

The  F/T  method  of  obtaining  periplasmic  substances,  including  secreted  proteins,  from  cells 
should  have  wide-spread  application  in  recovery  of  genetically  engineered  products  from  recombinant 
strains  of  gram-negative  bacteria.  After  our  ASM  poster  and  subsequent  paper,  a  patent  covering  this 
technology  issued  to  employees  of  a  biotechnology  company  who  independantly  recognized  its  value.  The 
presence  in  periplasm  of  major  quantities  of  soluble  CO-binding  c-type  hemoprotein  ,  of  FeSOD  or  of 
iron  reductase  is  without  precedent  and  is  deserving  of  additional  study  to  better  understand  their  roles  in 
cell  physiology  and  possibly  in  magnetosome  formation. 
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A  BIREFRINGENCE  RELAXATION  DETERMINATION 
OF  ROTATIONAL  DIFFUSION 
OF  MAGNETOTACTIC  BACTERIA 


Charles  Rosenblatt.*  Richard  B.  Frankel,*  and  Richard  P.  Blakemorf4: 
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ABSTRACT  The  orientational  relaxation  of  the  magnetotactic  bacterium  Aquaspirillum  magnetotacticum  is  observed 
by  the  decay  of  the  optical  birefringence  upon  switching  off  an  aligning  magnetic  field.  The  data  yield  a  rotational 
diffusion  constant  D.  =  0. 1 3  s  '  and  information  about  cell  sizes  that  is  consistent  with  optical  microscopy  data. 


The  magnetotactic  bacterium  Aquaspirillum  magnetotac¬ 
ticum  (A.  magnetotacticum)  contains  a  chain  of  single 
magnetic-domain  magnetite  particles  that  imparts  a  mag¬ 
netic  dipole  moment  p  to  the  cell  parallel  to  the  axis  of 
motility:  the  cell  thus  orients  and  swims  along  the  earth's 
magnetic-field  lines  (1-3).  The  directionally  averaged 
velocity  {V)  is  determined  from  the  classical  Boltzmann 
orientational  distribution,  and  is  given  by  =  F’o  • 
{cos  6).  where 

<cos(9)  -  IcoihiuH/k^T)  -  k^T/uH\.  (1) 


Here  kg  is  Boltzmann's  constant,  T  is  temperature,  and  9  is 
the  angle  between  the  instantaneous  trajectory  and  H.  If 
the  swimming  direction  is  somehow  disturbed,  a  bacterium 
will  feel  a  magnetic  torque  and  right  itself.  Opposing  the 
reorientation  will  be  a  viscous  drag  such  that 


k^Tde 
D,  dr 


uH  sin  fl  -  0, 


(2) 


where  D,  is  the  rotational  diffusion  constant.  If  the  initial 
perturbed  angle  0,  is  small,  the  reorientation  will  take  place 
on  a  characteristic  time  scale 


zero,  the  orientations  of  the  cells  randomize,  resulting  in  a 
decay  of  the  optical  birefringence  Sn.  Since  \n  -x 
{Piicosd))  -  (3/2  cos' 0  -  1/2),  where  (  )  represents 
an  ensemble  average,  measurements  of  \n  vs.  time  yield 
information  about  orientational  diffusion. 

Although  the  bacteria  are  actually  helical  in  shape  with 
a  relatively  small  length  to  pitch  ratio,  certain  approxima¬ 
tions  are  used  to  fit  the  data.  The  simplest  approximation  is 
to  assume  that  the  bacteria  are  cylindrical  with  all  princi¬ 
pal  axes  of  the  optical  anisotropy  and  rotational  diffusion 
tensors  coinciding.  In  this  case  both  tensors  are  uniaxial  ( 5) 
and  the  birefringence  relaxation  is  determined  by  a  single¬ 
exponential  term  (5,  6) 


\n  =  A/)„  exp  (  -bD.t), 


(4) 


where  An,,  is  a  function  of  //„  before  the  external  field  is 
turned  off  and  D,  is  the  rotational  diffusion  constant  about 
an  axis  perpendicular  to  the  cylindrical  axis.  The  diffusion 
constant  D,  can  be  written  as  (7) 


D,  - 


ik^T 

rrjL' 


>  • 


(5) 


Note  that  Brownian  motion,  which  is  responsible  for 
(cos0)  ^  1  in  Eq.  1 ,  contributes  an  additional  term  to  Eq. 
2. 

In  this  article  we  report  on  measurements  of  rotational 
diffusion  using  the  method  of  birefringence  relaxation. 
Because  of  its  permanent  magnetic  dipole  moment.  A. 
magnetotacticum  can  be  oriented  within  a  very  small  solid 
angle  about  a  given  direction  defined  by  an  external 
magnetic  field  H„.  Moreover,  oriented  bacteria  give  rise  to 
an  optical  birefringence  An  (4).  When  H„  is  set  equal  to 


where  jj  is  the  viscosity  of  the  medium,  L  the  length  of  the 
cylinder,  and  d  the  width.  End  effects  are  treated  by  the 
parameter  y.  which  depends  upon  the  aspect  ratio  Z./<f  and 
for  which  there  is,  unfortunately,  no  theoretical  consensus 
(7).  For  sufficiently  large  L/d,  the  y  term  becomes  incon¬ 
sequential:  nevertheless,  for  A.  magnetotacticum  the  ratio 
L/d  is  of  order  5  to  10,  and  thus  y  is  not  insignificant.  For 
purposes  of  data  analysis,  we  have  chosen  to  use  the  form 
of  Tirado  and  de  la  Torre  (8) 

7  -  0.662  -  0.92  (d/f.).  (6) 

This  form  produces  reasonable  results  for  small  aspect 
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ratios.  Other  forms  for  y  (7)  produce  only  slightly  different 
final  results. 

Cells  of  /4.  magnetotacticum  were  grown  in  culture  and 
then  killed  and  fixed  with  a  small  amount  of  gluteralde- 
hyde.  Cell  concentration  was  ~2  X  10*  ml  '.  By  measuring 
the  static  birefringence  (4)  vs.  //„,  (m)  was  found  to  be 
2.6  X  10  ”  emu  with  a  distr.bution  width  of  ±1.7  x  10  " 
emu.  Thus,  even  in  a  field  as  small  as  1  G  we  find  from  Eq. 

1  that  (cos  fl)  >  0.8.  The  sample  was  then  placed  in  a  glass 
cuvette  of  pathlength  I  cm,  which  in  turn  was  placed 
between  a  pair  of  Helmholtz  coils  housed  in  a  mu-metal 
can.  The  ambient  field  inside  the  can  was  <0.01  G.  The 
entire  assembly  was  then  inserted  into  an  optical  birefrin¬ 
gence  apparatus,  described  in  detail  elsewhere  (4).  The 
field  was  brought  to  a  steady-state  value  //„  and  then 
switched  off;  the  transient  birefringence  was  recorded  with 
a  Biomation  model  1015  waveform  recorder  (Biomation 
Inc.,  Palo  Alto,  CA)  and  then  output  into  an  xy  plotter. 

A  typical  trace  is  shown  in  Fig.  I .  where  the  initial  field 
was  8  G.  To  within  the  expected  scale  factor,  data 
taken  at  fields  0.24  G  <  <  40  G  produced  virtually 

identical  traces,  as  expected  from  Eq.  4.  In  Fig.  2  we  have 
digitized  the  data  and  plotted  the  results  on  a  semilog  scale. 
Owing  to  the  nonlinearity  of  this  curve,  it  is  clear  that  there 
is  a  distribution  in  D,  arising  from  a  polydispersity  of  cell 
lengths  L.  Although  there  is  no  a  priori  form  expected  for 
the  length  distribution,  a  Gaussian  was  chosen  for  conve¬ 
nience 

/(/.)  - (7) 

A/-  vTT 

is  the  average  length  and  SL  the  width  of  the  distribu¬ 
tion.  Thus,  combining  Eqs.  4  and  7,  we  find  the  transient 
birefringence  behaves  as 

An, /df.  (»> 

where  D,  is  given  by  Eqs.  5  and  6  and  d  is  fixed  at  the 


'o  r  '  4  '  6  '8  lO  i2  -4  16 

Time  (s) 

Fiot  Rl  I  The  typical  decay  of  birefringence  for  initial  aligning  field 
-  K  (i  IS  shown 


Ticii  Rl  2  Pig-  1  is  redrawn  on  a  semilog  plot.  \ote  the  nonlinc,  'Uv. 
which  indicates  a  distribution  of  effective  diffusion  constants  Prrtir  l:  jrs 
arise  from  uncertainty  in  locating  base  line 

experimental  value  of  0.56  Mtn  (9).  The  term  (f-Zr/)  -  1  is 
an  approximate  form  that  mimics  the  shape  birefringence 
of  a  bacterium  with  an  aspect  ratio  Ljd. 

The  three  parameters  Z.,„  XL.  and  the  coefficient  in  Eq.  8 
were  fit  to  several  sets  of  data  taken  at  various  initial  fields 
//„.  All  traces  produced  similar  results  with  Z.„  =  3.4  ±  0.5 
/im  and  A/.  =  2. 1  ±  0.6  ^m.  Thus,  for  L  =  f,,,,  O,  =  0. 1 3  s  ' . 
Note  that  the  correction  term  y  in  Eq.  5  is  of  order 
one-third  the  value  of  In  L/d  owing  to  the  small  aspect 
ratio. 

The  diffusion  results  for  Ln  and  AZ.  were  then  compared 


Kitit  RF  3  End-toend  length  distribution  of  a  sample  of  148  cells  is 
shown 
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Time  (s) 

FitiLRf  4  vs.  time  upon  sifcitchingon  a  field //„  tsshown;  (al  12  7  G. 
ih)  4.S  G 

with  direct  measurements  of  cell  length.  Photographs  of 
148  cells  sandwiched  between  a  pair  of  microscope  slides 
spaced  1  ^m  apart  were  taken  using  a  phase  contrast 
microscope  and  measured  for  their  end-to-end  lengths.  The 
distribution  is  shown  in  Fig.  3.  From  these  measurements 
an  average  length  Z.„  =  (3.0  :  0.3)  ^m  was  determined, 
with  a  distribution  width  of  -2AZ,  =  1.8  /am.  .Mthough  the 
measured  length  compares  favorably  with  that  obtained 
from  the  rotational  diffusion  measurements,  the  actual 
distribution  width  is  somewhat  narrower.  To  a  great  extent 
these  differences  have  arisen  from  the  choice  of  a  cylindri¬ 
cal  model  for  the  bacteria  (10).  In  fact,  the  cells  are  helical 
in  shape,  and  thus  for  a  sufficiently  short  length-to-pitch 
ratio  the  uniaxial  approximation  breaks  down.  The  model 
also  disregards  coupling  between  rotational  and  transla¬ 
tional  diffusion,  which  at  best  is  only  a  fair  approximation 
given  the  shape  of  the  bacteria.  Finally,  the  results  depend 
(albeit  only  weakly  )  upon  the  form  chosen  for  >.  Unfortu¬ 
nately.  there  is  no  theoretical  treatment  of  D,  for  particles 
having  the  shape  of  these  bacteria,  and  thus  we  chose  to 
rely  upon  the  cylindrical  model. 

The  final  question  to  be  addressed  is  how  D,  relates  to 
the  reorientation  lime  r.  In  Fig.  4  we  show  An  vs.  t  when 
is  switched  from  zero  to  some  field  //„  (//.,  =  12.7  [a] 
and  H„  -  4.8  [/>))  at  t  =  0.  From  Eq.  2  we  find  for  a  strong 
(saturating)  field  that 

fi(/)  -2  tan  I® 

Since  0,  is  randomly  distributed  for  /  <  0,  An  vs.  i  can  be 
calculated  using  Eq.  9 

Ct  fj  I 

An(/)  -  \/2  Jj  ;cos-'(9(()  -  sin  MS,  UO) 

Owing  to  the  dependence  of  r  on  m.  Eq.  10  implicitly 
assumes  a  knowledge  of  the  distribution  in  n  as  well  as  the 
distribution  in  L.  Because  of  this  additional  uncertainty,  we 
have  not  performed  a  full  analysis  of  the  data  in  Fig.  4.  If, 


however,  we  make  the  simplifying  assumptions  that  both 
the  n  and  L  distributions  are  narrow  and  the  system  can  be 
described  by  a  single  value  for  D,.  Fig.  4  can  be  fit  to  Eqs.  9 
and  10.  For  trace  a,  for  example,  we  find  t  =  0. 1 1  ^  0.04  s. 
Working  backwards  and  assuming  n  =  2.6  x  10  "  emu, 
we  find  from  Eq.  3  that  £>,  =  0. 1 1  s  which  compares 
favorably  with  the  decay  results. 

In  New  England,  where  A.  magnetotaaicum  was  origi¬ 
nally  isolated,  the  geomagnetic  field  //,,  =  0.5  G.  Since  the 
characteristic  reorientation  lime  for  He,  is  r  =  2.5  s  (see  Eq. 
3)  and  A.  magnetotaaicum  swims  at  -40  ^m/s.  an 
orientationally  perturbed  cell  will  travel  a  short  character¬ 
istic  distance  X  =  90  ^m  before  its  velocity  is  brought  into 
alignment  with  Hq.  On  the  other  hand,  if  a  somewhat 
larger  organism  (Lo  -  20  ^/m)  possessing  the  same  moment 
a  and  swimming  speed  K,  were  subjected  to  a  disturbance, 
the  characteristic  reorientation  length  X  would  be  nearly  3 
cm.  apparently  compromising  the  utility  of  magneiotaxis. 
It  is  perhaps  for  these  dynamic  reasons  that  larger  microor¬ 
ganisms  such  as  the  one  described  by  Esquivel  et  al.  ( 1 1 ) 
have  been  found  to  possess  significantly  larger  magnetic 
moments. 
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Hydroxamate  Production  by  Aqitaspirilliim  mcignetotacticum 
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Spttnt  culture  fluids  from  .Aquaspirillum  magnetotacticum  MS- 1  grown  at  high  i20  piMl  but  not  low  i5  ^..M) 
iron  concentration  contained  material  yielding  a  positive  hydroxamate  test.  Cells  possessed  six  major  outer 
membrane  proteins.  Three  outer  membrane  proteins  ranging  from  72.000  to  85.000  daltons  were  coordinately 
produced  at  iron  concentrations  conducive  to  hydroxamate  production.  A  55.000-dalton  iron-repressible  outer 
membrane  protein  was  also  present  in  strain  .VIS- 1  cultured  at  low  but  not  high  ferric  quinate  concentration. 
Culture  fluids  from  strain  MS-1  which  were  hydroxamate  positive  augmented  growth  of  a  Salmonella 
typhimurium  siderophore-deficient  tenb-7)  mutant  in  low-iron  medium,  suggesting  a  role  of  hydroxamate  in 
uptake  of  iron  by  the  cell. 


Numerous  bacterial  proteins,  including  cuochromes.  cat¬ 
alases,  peroxidases,  superoxide  dismutases,  ribotide  reduc¬ 
tases.  and  nitrogenases.  contain  iron  Il5).  Because  of  its 
insolubility  at  neutral  pH  under  aerobic  conditions,  iron  is 
usually  unavailable  for  direct  uptake  by  cells  tlbl.  Under 
conditions  of  low  iron  concentration  (less  than  I  ijlMi.  many 
microorganisms  produce  iron  chelators,  termed  sidero- 
phores  (lb).  These  are  assimilated  into  gram-negative  cells 
by  means  of  specific  receptor  proteins  located  in  the  outer 
membrane  i  lb.  18,  2(li. 

-Siderophores  have  been  detected  in  spent  culture  fluids 
from  aerobes  and  facultative  anaerobes  but  are  apparently 
not  produced  by  strict  anaerobes  or  the  lactic  acid  bacteria 
(l.s.  lb).  .No  information  ex)sts  concerning  siderophore  pro¬ 
duction  by  obligate  microaerophiles, 

.Aquaspirillum  maanetoiacfieum  (1.^)  is  a  gram-negative, 
obligately  microaerophilic  chemoheterotroph.  Z.CK'r  of  which 
(dry  weight)  is  iron.  Although  proteins  and  hemoproteins  of 
this  organism  contain  iron,  most  of  this  metal  is  compart¬ 
mentalized  wnhm  Its  magnetosomes.  which  are  intracellular 
•  veloped  crystals  of  (he  iron  oxide  magnetite  (2).  Virtually 
i  v'ihing  IS  known  of  the  manner  in  which  cells  of  this 
organism  sequester  iron.  However,  in  both  its  natural  habitat 
and  its  culture  medium  the  total  iron  concentration  is  20  m-M. 
In  nature,  the  iron  may  be  complexed  with  humic  substances 
or  plant-derived  organic  acids.  In  the  culture  medium  that 
we  used,  iron  was  chelated  with  quinic  acid. 

This  study  was  initiated  to  determine  whether  A.  magne- 
tuiaeiicum  uses  a  high-affinity  (siderophore)  system  similar 
to  those  used  by  other  gram-negative  organisms  for  on 
acquisitton. 

.materials  a.nd  methods 

Bacterial  strains  and  growth  conditions.  Cells  of  .A. 
magnetoiat  licum  MS-1  ( ATCC  31632)  and  of  a  nonmagnetic 
mutant  A.  magnetotacticum  strain.  NM-l.A.  were  cultured 
microaerobically  in  chemically  defined  growth  medium 
( MSGM)  as  previously  described  (3).  The  iron  source,  ferric 
quinate.  was  provided  at  concentrations  ofO.  10.  20.  or  40 
|a.M.  FeS04  was  omitted  from  the  culture  medium  mineral 
solution,  and  for  studies  involving  spectrophotometric  anal¬ 
ysis  of  supernatant  fluids,  resazurin  was  omitted.  .A  feme 
chloride-sodium  citrate  mixture  with  a  citrate-io-iron  molar 


ratio  of  11  or  20:1  (an  iron  concentration  of  20  (j..Vli  was  used 
in  lieu  of  ferric  quinate.  Without  added  iron.  MSGM  con¬ 
tained  0,35  wM  iron,  as  determined  by  the  ferrozine  method 
(19),  No  attempts  were  made  to  completely  remove  iron 
from  the  culture  medium. 

Salmonella  ivpiumurium  LT-2  enh-".  an  enterobactin- 
deticient  mutant  (a  gift  from  J.  B,  Neilands.  Department  of 
Biochemistry.  University  of  California  at  Berkeley),  and  .S. 
typhimurium  .ATCC  14028  were  maim. lined  on  nutrient  agar 
slants  and  subcultured  twice  each  month  To  promote 
siderophore  production.  S.  typhimurium  ATCC  1402S  was 
cultured  for  48  h  at  .37'C  on  a  rotary  shaker  in  0.25^^  (wt  voli 
Cdsamino  .Acids  (Difeo  Laboratories.  Detroit.  Mich  i  solu¬ 
tion  containing  0.2  m.Vl  MgCL  and  adjusted  to  pH  '.5  il8i. 

Isolation  of  outer  membrane  proteins.  .A.  magnetotacticum 
.MS-1  and  NM-l.A  were  grown  to  early  stationary  phase  in 
1-liter  batch  cultures.  Cells  were  harvested  by  centr,  ugation 
(7,000  •  g  for  15  min  at  4'C)  and  suspended  in  10  r  I  of  ^0 
m.M  potassium  phosphate  biilTer  ipH  b.8).  ()uter  meTbr,.ne 
proteins  (O.MPsi  were  isolated  by  the  procedure  of  S  .mail¬ 
man  (17).  Briefly.  DNase  and  RNase  (Sigma  Chemic. '  Co.. 
St.  Louis.  Mo.  I  were  each  added  to  cell  suspensions  at .  inal 
concentration  of  0.1  mg  ml.  Cells  were  ruptured  by  wo 
passes  through  a  precooled  French  pressure  cell  (IbitHl 
Ib'in-i.  Unbroken  cells  and  cellular  debris  were  removeu  by 
centrifugation  at  7.000  »  g  for  15  mm  at  4°C.  The  resulting 
supernatant  fluid  was  ultracentrifuged  at  200.000  x  g  for  bO 
min  at  4'C.  The  brown  pellet,  containing  both  inner  and 
outer  cell  membranes,  was  suspended  in  10  ml  of  10  mM 
.V-2-hy drox yet hylpiperazine-, V -2-ethane -sulfonic  acid 
(HEPES.  pH  7.4)  containing  2''f  (vol  vol)  Triton  X-100  and 
10  mM  MgCL.  The  unsolubilized  outer  membrane  fraction 
was  collected  by  ultracentrifugation  (200.0(X)  <  c  for  bO  min 
at  4'C)  and  washed  once  in  10  mM  HEPES  (pH  7,4)  to 
removed  residual  Triton  X-100.  The  solubilized  cytoplasmic 
membrane  proteins  were  precipitated  with  cold  95*7  ethanol 
overnight  at  -12T  and  collected  by  centrifugation  (7,000  « 
g  for  30  min  at  dT).  Protein  determinations  were  made  by 
the  procedure  of  Lowry  et  al.  ill)  with  bovine  serum 
albumin  as  a  standard.  The  activity  of  succinic  dehydroge¬ 
nase.  a  cytoplasmic  membrane  enzyme,  was  assayed  in  each 
cell  fraction  (5)  to  assess  the  purity  of  the  outer  membrane 
fraction . 

Electrophoresis  and  analysis  of  OMPs.  OMPs  and  molecu¬ 
lar  weight  standards  (Bio-Rad  Laboratories.  Richmond, 
Calif.)  were  solubilized  and  separated  by  the  electrophoretic 
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EIG  1  SoUlum  dodecvl  sulfute-poKacrGamide  gel  eleclropho- 
reM>,  of'  OMP  profi)e^  from  .4.  nuii’ni'ionn  hi  um  NM-IA  and  MS-) 
cultured  at  cariouc  iron  concentrations  lindlcated  above  each  lane, 
micromolari  Each  lane  contained  .HI  jag  of  purified  (17)  OMP. 
Dashes  to  the  left  of  the  gel  indicate  the  positions  (reading  upwardi 
of  the  55.l)(M)-.  '2.tK)0-.  'h.OtKI-.  and  S.‘t.(KX)-dalton  proteins  Lane  9. 
on  the  rtght.  contained  the  molecular  mass  standards  tin  kilodallonsi 
indicated. 


methods  of  Laemmli  (9).  OMPs  were  stacked  in  a  4'‘r 
acrvlamide  gel  at  a  constant  current  of  10  mA.  The  current 
was  increased  to  ’0  mA  as  OMPs  entered  a  120  acrylamide 
separating  gel.  OMPs  were  stained  with  Coomassie  brillant 
blue  and  quantitated  with  a  Helena  Quick  Scan  R&D 
densitometer  (Helena  Laboratories,  Beaumont.  Tex.)  at 
.A 

Detection  of  iron  chelators.  Spirilla  were  grown  in  500-ml 
batch  cultures  containing  iron  in  the  form  of  ferric  quinate  at 
.'.  20.  and  40  piM  or  in  the  form  of  ferric  citrate  with  a  molar 
ratio  of  cr  te  to  iron  of  either  20:1  or  1:1  (20  m.M  Fe).  Spent 
culture  fluiUs  were  freed  from  cells  by  centrifugation  (7,000 
■  (.’  for  15  min)  and  vacuum  filtered  through  0.45-p.m 
MetriccI  G.A-6  filters  (Gelman  Sciences.  Inc..  .Ann  Arbor. 
Mich  ).  The  fluids  were  concentrated  to  1/45  their  original 
volume  bv  flash  evaporation  at  35T.  Each  sample  was  then 
carefully  adjusted  to  pH  7.0  with  1  N  HCI  or  NaOH.  filter 
sterilized,  and  stored  at  4X  until  assayed.  L'ninoculated 
culture  media  at  each  iron  concentration  and  spent  culture 
fluids  (concentrated  1  10  their  original  volume)  from  S. 
npitiniiiriiiin  .ATCC  14028  cultures  were  prepared  in  an 
identical  manner  to  those  of  controls. 

fhe  Arnow  test  il)  was  used  for  the  detection  of  pheno- 
late-type  iron  chelators.  The  positive  controls  were  400  ixM 
catechol  (Sigma)  and  1.5  mM  2.3-dihydro,xybenzoic  acid 
(.Aldrich  Chemical  Co..  Inc..  .Milwaukee.  Wis.);  the  negative 
controls  were  1.5  mM  solutions  of  acetohydroxamic  acid 
(  Aldrich)  and  deferoxamine  (a  generous  gift  from  CIBA- 
GEIGA  Corp..  Summit.  N.J.l.  .A  modification  of  the  Csaky 
reaction  was  used  to  detect  secondary  hydroxamic  acids  (7). 
The  negative  controls  were  catechol  and  2.3-dihydro.xy- 
benzoic  acid:  the  positive  controls  were  acetohydro.xamic 
acid  and  deferoxamine. 

Siderophore  activity.  The  effect  of  spirillum  spent  culture 
fluids  on  growth  of  the  enterobactin-deficient  S. 
i\phiiniiriiiin  LT-2  ciih-7  mutant  was  examined.  To  each 
sidearm  flask  containing  1(K)  ml  of  Davis  minimal  medium  (4i 


with  no  added  iron  was  added  1.0  ml  of  ,in  overnight  culture 
of  the  i'.  nphimiirniih  LT-2  cnh-T  mutant  grown  in  Davis 
minimal  medium  without  iron  or  citrate.  To  each  inoculated 
test  flask  was  added  1  ml  of  either  pre-  or  postgrowth  fluids 
(prepared  as  described  abovei  from  strain  MS-1  cultured  in 
.VISG.M  containing  5  or  20  m-M  ferric  quinaie.  To  each  control 
rtaskwasadded  1 .0  ml  of  either  .S .  t'.  phiiniinuni  .ATCC  14028 
spent  culture  supernat.int  fluid  or  uninoculated  Davis  mini¬ 
mal  medium  (prepared  as  described  above).  Growth  of  the  V. 
nphimjiniini  LT-2  i  nh-~  mutant  at  3"'C  on  a  shaking  w.iier 
bath)  Was  monitored  at  an  optical  density  at  hbO  nm. 

RESLLTS 

OMPs  and  iron.  Six  major  OMPs.  with  masses  ranging 
from  16.400  to  64.500  daltons.  were  produced  bv  strains 
MS-1  and  \M-1.A  (Fig.  1).  The  OMP  preparation  appeared 
to  be  relatively  free  of  cytoplasmic  membrane  proteins  in 
that  it  contained  only  "’.OO  of  the  tot.il  succinic  dehydri'ge- 
nase  activity  of  the  various  cell  fractions. 

When  cultured  with  low  (0  or  5  yiMi.  not  high  ( 10.  20.  or  40 

H. .MI.  concentrations  of  added  ferric  quinate.  strain  .MS-1 
produced  a  55.0(X)-dalton  OMP  (Fig.  1.  lanes  4  to  .8).  This 
55.000-dalton  iron-repressible  OMP  (IROMP)  comprised 
13.0  and  4.0''f  of  the  total  major  OMP  of  cells  cultured  w  ith 
0  and  5  ji.M  concentrations  of  added  ferric  quinate.  respec¬ 
tively  .  This  IROMP  also  comprised  1.0'7  of  the  total  OMP  of 
strain  N.M-I.A  cells  grown  with  no  added  ferric  quinate  (Fig. 

I.  lane  1).  Three  minor  OMPs  ("2.000.  "fi.tXHI.  and  85. (XXI 
daltons)  not  present  at  low  iron  concentrations  were  pro¬ 
duced  by  cells  of  each  strain  cultured  with  20  or  40  |j,,M  ferric 
quinaie  (Fig.  1.  lanes  2.  3.  7.  and  8). 

Strain  MS-1  cells  cultured  in  medium  containing  4(H)  wM 
sodium  citrate  and  20  u,M  ferric  chloride  produced,  in 
addition  to  the  55.(XX)-dalton  IRO.MP.  another  IRO.MP.  this 
one  of  58.000  daltons  (Fig.  2.  lane  1).  Cells  cultured  with  20 
fiM  sodium  citrate  and  20  yi.M  feme  chloride  produced 
neither  the  58.000-  nor  the  55.(XX)-dalton  IRO.MP  (Fig,  2. 
lane  4).  Cells  grown  w  ith  either  5  |xM  feme  quinate  or  20  wM 
ferric  citrate  with  a  citrate-to-iron  molar  ratio  of  20:1  li.e.. 
conditions  of  low  iron  availability)  produced  the  55. (XX)- 
dalton  IROMP  (Fig.  2.  lanes  1  and  2).  This  protein  was 
absent  from  cells  cultured  with  ferric  quinate  concentrations 
greater  than  or  equal  to  10  (xM  (Fig.  1.  lanes  6  to  8)  or  with 
ferric  citrate  concentrations  of  20  ixM  with  a  citrate-to-iron 
molar  ratio  of  1:1  (Fig.  2.  lanes  3  and  4). 

Siderophores.  Catechol-type  iron  chelators  were  not  de- 


FIG.  2.  Sodium  dodecyl  sulfate-polyacrylamide  gel  electropho¬ 
resis  of  O.MP  profiles  from  .4  maanctouiciii  tim  .MS-1  cultured  vvnh 
citraie-to-iron  molar  ratios  of  20:1  or  1:1  (lanes  1  and  4.  respectively  i 
or  with  5  or  20  uM  ferric  quinate  (lanes  2  and  4.  respectively  i  Each 
lane  contained  .4(1  /xg  of  purified  i  Pi  OMP  The  positions  of  the  iron 
cilr.ite-induced  IROMP  (58. (XX)  dallonsl.  the  55.(XX)-dallon  IROMP. 
.md  the  major  OMP  (44.6(X)  daltonsi  are  indicated 
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tecled  in  spent  culture  fluids  t'rom  strains  MS-1  or  NM-IA 
(b\  means  of  the  Arnow  reaction).  Hvdro\umate-t>pe  iron 
chelators  w.ere  produced  b>  cells  of  each  strain  (Table  li.  us 
e\idenced  b>  positive  hvdroxamaie  tests.  Hvdroxamates 
were  detected  in  culture  media  of  cells  grown  at  a  20  vvr  40 
|j.M  ferric  quinate  concentration.  Siirprisinglv .  spent  me¬ 
dium  from  sir.iin  \IS-1  cultured  with  less  fi.M)  ferric 
guinate  consisienilv  faded  to  vield  a  positive  hvdrosamate 
leactKin  1  fable  lo  C  ulture  fluids  from  cells  of  strain  NM-l.X 
grown  at  either  a  '  or  20  w.M  ferric  quinate  concentratK'n 
were  consistenth  positive,  however  (Table  I). 

Culture  fluids  obtained  from  strain  MS-1  cultured  vvith  20 
qM  ferric  citrate  at  a  citrate-to-iron  molar  ratio  of  1;1  were 
positive  in  the  hvdrosamate  test,  whereas  those  obtained 
from  cells  grown  at  a  20:1  molar  ratio  were  not  (Table  li. 

Siderophore  activity.  The  enterobactin-deflcient  .S. 

L  r-2  ciih-7  mutant  did  not  grow  in  low-iron- 
concentration  medium  in  the  absence  of  exogenouslv  sup¬ 
plied  chelators  iFig.  ,1).  Phenolate  or  hvdrosamate  (12.  l.‘'i 
siderophores  have  been  shown  to  allow  for  the  growth  of  this 
mutant  in  low -iron-concentration  medium.  Culture  fluids 
from  .V.  nphinuiriiiin  .XTCC  14028  (wild  lypei  markedly 
stimulated  the  growth  of  the  .S'.  !\phii>iiiiitini  LT-2  cnh-7 
mutant,  whereas  uninoculated  sterile  Davis  minimal  medium 
(negative  control)  treated  similarly  had  little  effect  (Fig.  .''). 
Neither  growth  obtained  with  spent  culture  fluids  from 
spirilla  cultured  with  tiM  ferric  quinate  nor  growth  ob¬ 
tained  with  uninoculated  spirillum  culture  medium  contain¬ 
ing  20  ulM  ferric  quinate  exceeded  that  obtained  with  uninocu¬ 
lated.  unsupplemented  Davis  mintmal  medium  (Fig.  .').  .At  10 
h.  the  vnh-7  mutant  supplied  with  spent  culture  supernatant 
fluid  from  spirillum  strain  .MS-1  cells  cultured  with  20  pM 
ferric  quinate  showed  a  higher  culture  Aan,  than  when 
supplied  with  unsupplemented  Davis  minimal  medium  (neg¬ 
ative  control)  or  with  uninoculaied  medium  containing  20 
pM  ferric  quinate  (Fig.  .''i. 

DISCLSSIO.N 

Our  results  indicate  that  magnetic  cells  of  .4.  nuii’iii’- 
mu  produced  hvdrosamate  material  when  cultured 
with  20  or  40  pM  added  ferric  quinate  but  not  when  grown 
with  .'  p.M  ferric  quinate.  The  nonmagnetic  mutant,  strain 


TABl.t  1  Hvdrosamate  and  IRO.VIP  production  by 
.-I  iihivnetoliu  lu  urn 


Mrjin  .ind  'iirri^.TTicnt 
ihM' 

Hvdroxamaie 
production  Im-Mi" 

Production  of 
<5.iHll)-daflv>n  (ROMP" 

MS-1 

Ferric  quinaie 

<^5 

49 

- 

40 

5> 

- 

Curate  iron 

20  11  1  1 

Xb 

21)  i2()  1 1 

- 

NM-IA 

Ferric  quinate 

4" 

_  1 

20 

- 

V  .iluc^  .irc  Jclcrox.immc  cqun.ilenis 
•  .  Production.  - .  no  produciKin. 

V.ilucx  in  parcntlicsex  indic.itc  flic  riiiio  ol  citr.nc  ti’  iron 
Inlcrrcd  rc'ull  h.ocd  upon  .irixenct;  ol'  the  IROMP  Irom  clL-cirophiireiic 
protein  pronic-  o(  ^Ir.ltn  s,\t.l  \  vulturcd  witli  o.  'o.  .md  40  riSt 

..onvcntr.ition-  ol  .idded  tcrric  qiimaiL' 


FtC.  '.  Growth  response  of  .V.  !vphiiniiniiiii  LT-2  lun-'  mul.mt 
cultured  in  Davis  miniTial  medium  supplemented  with  unini'cui.iied 
culture  medium  containing  2l)  pM  ferric  quinate  ill  or  ?  pM  ferric 
quinate  lAi  or  supplemented  with  spent  culture  fluids  from  -ir.un 
MS-I  grown  with  20  p.M  ferric  quinate  i  •  or  '  p.M  t'emc  quin.iie 
i_i.  Controls  contained  Davis  minimal  medium  meg.iiive  eoniroli 
l•Klr  spent  culture  fluids  from  wild-type  cultures  of  S'  ion 

ATCC  14028  'positive  conlroli  i  i  i. 

N.M-l.A.  produced  hydroxamates  at  btxh  iron  concentrations 
tested  (5  and  20  pM  ferric  quinate).  Because  these  results 
were  unexpected  in  the  light  of  iron  concentratn'n  effects  on 
siderophore  production  by  enteric  bacteria  1 10.  12.  l\  If^i. 
we  repeated  this  study  using  an  .iiternaie  source  of  irvtn. 
ferric  citrate.  .At  physiological  pH  .ind  with  a  2t)-fold  molar 
excess  of  citrate,  the  ferric  citrate  complex  can  be  expected 
to  exist  in  a  highly  polymerized  state  1 14,  lb),  rendering  irv'n 
less  available  to  cells.  A.  miimu  fouK  lii  itm  MS-1  cells  re¬ 
sponded  through  their  hydroxamate  production  to  the  avail¬ 
able  iron  concentration  in  their  culture  medium.  .At  a  20  p.M 
concentration  of  iron,  supplied  in  the  form  of  ferric  citr.ite. 
cells  produced  hydroxamates  when  the  molar  ratio  of  citrate 
to  iron  was  1:1  but  not  20:1.  Since  the  latter  situation 
represents  low  available  iron  concentration  for  A. 
imivneiohu  tii  iim.  these  results  corroborated  those  obtained 
with  ferric  quinate;  magnetic  cells  of  this  specie^  produce 
secondary  hydroxamates  only  when  cultured  under  iron- 
sufficient  conditions. 

.Although  in  enteric  bacteria  siderophore  synthesis  is  de- 
repressed  by  iron  deficiency,  hydroxamate  synthesis  by  cells 
of  .4.  immnetouu  iu  um  is  apparently  repressed  by  iron 
deficiency  or  is  induced  by  available  iron. 

With  low  concentrations  of  available  iron,  many  bacteria 
synthesize  OMPs  which  function  as  receptors  for 
siderophores  (8.  10.  15.  lb,  18).  The  55.(K)0-dalton  IROMP  in 
.4.  imivni'iottu  liciim  may  not  function  in  iron  transport  via 
hydroxamates,  as  its  synthesis  was  repressed  at  iron  con¬ 
centrations  necessary  for  hydroxamate  production.  Thus,  it 
may  be  a  component  of  another  iron  uptake  sy  stem  not 
involving  hydroxamates.  Cells  of  strain  NM-l.A  did  not 
produce  the  IROMP  but  did  produce  hy  droxamates.  suggest¬ 
ing  that  a  mutationts)  resulting  in  the  loss  of  magnetite 
production  may  be  associated  with  the  genets)  directing  the 
synthesis  of  the  IRO.MP. 

In  the  enteric  bacteria,  iron  storage  proteins  or  those 
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involved  with  nonspecific  iron  transport  are  usuallv  large  (8. 
16).  The  72.000-.  76.000-.  and  85.0(X)-dalton  OM.Ps  detected 
in  .4.  mai’netiJicu  riciirn  cells  cultured  at  a  20  or  40  (iM 
concentration  ol'  ferric  quinate  may  serve  a  role  m  iron 
metabolism  comparable  to  those  of  OMPs  of  similar  size  and 
produced  under  Mmilar  conditions  by  the  enteric  bacteria 
1 16),  .Alternativelv .  their  coordinate  production  under  con¬ 
ditions  in  which  cells  also  produce  hydroxamates  suggests 
that  these  OMPs  mas  be  involved  in  hvdroxamate  secretion 
or  binding  or  both. 

The  .'8.0()0-dalton  IRO.MP  produced  by  .4.  numnf- 
tutiu  tii  um  cells  cultured  with  citrate  mav  be  a  component  of 
a  citrate-mediated  iron  uptake  system  similar  to  that  of 
Mycohtn  U'rium  smcvnuitis  1 14)  or  Eschcrii  Ilia  colt  1 16.  20). 

The  fact  that  only  spent  culture  fluids  which  tested  posi¬ 
tively  for  hydroxamates  stimulated  growth  of  the  .V. 
ivpliiiniirimn  LT-2  enh-'^  mutant  is  consistent  with  a  physi¬ 
ological  role  of  this  material  m  iron  transport  (e.g..  as  a 
siderophorei  in  .4.  inaunctoiai  liciiin. 

We  do  not  know  why  hydroxamates  are  produced  at  high 
iron  concentration  and  less  so  at  low  iron  concentration  by 
A.  mavneioiactk  am  .MS-l.  Two  of  the  three  catecholate 
siderophores  of  A'otohacter  vinelandii  are  produced  to 
some  extent  by  cells  cultured  with  25  ixM  iron  (6).  Recently  , 
we  have  detected  hvdroxamate  production  at  high  (20  |i.M) 
iron  concentrations  by  Aifiiaspirilliim  heni’ol.  Ac/uaspirilliim 
serpens,  and  Aqaaspirillam  polsinorpluim.  which  are  not 
magnetic  iL.  Paoletti  and  R.  Blakemore.  unpublished  re¬ 
sults).  Thus,  the  magnetic  spirillum  appears  not  to  be  unique 
in  this  respect.  This  is  an  unusual  pattern,  and  although  not 
many  published  studies  include  results  of  hvdroxamate 
analysis  at  both  high  and  low  iron  concentrations,  this 
appears  to  be  the  first  report  of  bacterial  hydroxamate 
production  at  high  iron  concentration.  Our  results  also 
suggest  that  some  available  iron  is  necessary  to  induce 
synthesis  of  this  material  and  of  the  72.000-  to  85.000-dalton 
()MPs  detected. 

Siderophore  production  at  high  iron  concentration  may  be 
common  among  free-living  organisms  which  accumulate  this 
metal  or  require  it  for  metabolism  but  live  in  environments  in 
which  It  is  normally  or  transiently  abundant. 
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Spectral  Analysis  of  Cytochromes  in  Aquaspihllum  magnetotacticum 
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.\bstract.  The  re'ipiralor>  chain  of  At/iuispinllnm  m  iitu  strain  MS-1  cells  deniirit'>- 

ing  microaerobicall)  included  a-,  a,-,  h-.  c-.  edr-  and  o-t\pe  hemes.  More  than  ot  the  total 
cfiochromes  delected  were  ot'the  c  type.  Virtually  all  of  the  a  and  h  Ivpes  were  detected  in  cell 
membranes,  whereas  of  the  c-type  hemes  were  soluble.  Large  quantities  of  sok.  le  c-tvpe 
hemes  were  released  with  periplasm  by  freezing  and  thawing  cells.  Soluble  c<ii  occurred  in  two 
forms:  as  a  single  compound  of  apparent  molecular  weight  of  I'.DOO  daltons.  v^hich  bound  CO. 
and.  together  with  d|  heme,  as  a  component  of  nitrite  reductase.  Both  ai-t\pe  hemes  (which 
usualK  comprise  part  of  the  "low  aeration"  cytochrome  oxidase)  and  o  types  (usualK  part  of 
the  "high  aeration"  oxidase)  were  simultaneousK  expressed  in  microaerobicalK  grown  denitri- 
fsing  cells  of  .A.  mw^neioluctii  uni:  this  indicated  branching  of  the  respirators  chain. 


Cells  of  the  magnetite  i FesOjI-producing  spirillum 
[111  Ai/U(i\pirillunt  nuii’iH'totactkum  are  nonfer- 
mentatise.  obligatels  microaerophilic.  and  oxidize 
organic  acids  |2|.  They  denitrify  microaerobically. 
but  will  not  grow  anaerobically  with  NOf  (1.2,  9). 
Denitnfsing  cells  respire,  using  NOj  and  O;  as  ter¬ 
minal  oxidants  Simultaneously  (1.  25],  Under  non- 
denitrifying  conditions  (with  NHT  as  sole  N 
source),  only  O;  and  Fe"  are  terminal  electron  ac¬ 
ceptors  in  the  chemically  defined  medium.  Mag¬ 
netic  cells  of  strain  MS-1  (but  not  those  of  NM-IA, 
a  nonmagnetic  mutant  strain  derived  from  it)  carry 
out  electrogenic  proton  translocation  with  Fe'' 
[2.'I.  It  seemed  possible  that  dissimilatory  Fe’*  re¬ 
duction  might  contribute  to  formation  of  intracellu¬ 
lar  Fe.Oa  in  this  organism,  because  cells  appear  to 
produce  (his  mineral  optimally  when  alternate  oxi¬ 
dants  lO-  and  NO:  )  are  limiting  [3].  The  possibility 
of  a  link  between  iron  respiration  and  Fe:04  forma¬ 
tion  prompted  us  to  identify  the  terminal  electron 
transport  components  with  the  overall  objective  of 
establishing  whether  any  might  be  specifically  asso¬ 
ciated  with  iron  respiration  or  FciOa  synthesis. 

Except  for  a  single  report  of  a  c-type  cyto¬ 
chrome  detected  in  cells  of  a  magnetic  coccoid  bac¬ 
terium  (T,  T.  Moench.  PhD  thesis,  Indiana  Univer¬ 
sity.  1978).  the  respiratory  ch  is  of  magnetotactic 
bacteria  have  remained  unexplored.  Here  we  report 
results  of  spectrophotometric  analyses  of  the  cyto¬ 


chrome  content  of  w  ild  type  and  mutant  A  niw^nc- 
total  tii  um  cells  grown  with  NO-,  or  NHj  at  xarious 
values  of  dissolved  oxygen  tension  id.o.i.i. 

.Materials  and  Methods 

Organism  and  culture  conditions.  Ai/ninpiniiiii>i  wiiv'.’i  .s 
<  H»i  strain  MS- 1  |2()|  .ind  a  nonm.ieneiiv;  niui.ini  Jerued  ir.mi  it. 
strain  NM-l.X  Id.':.  :serc  used  in  this  'tud>  Cells  "ere  eullareo 
in  a  chemieall>  delined  growth  medium,  MS(.jM  Id;,  m  se.iled 
serum  vials  or  glass  ..-arbins  under  microaerolsic  conditions  ■  ni- 
tial  headspace  O;.  l).d^'-d'^  of  saturation).  In  lieu  of  s  m  V/  « 
cinic  acid,  tartaric  and  succinic  acids  i.'.O  mV/  each)  serseu  .- 
carbon  sources.  Ferric  quinate  idO/a  V/i  and  I  4  m  V/  NaSd  ,'r 
NH,C1  (the  latter  N  source  to  allovs  cell  growth  without  denitriti- 
cationi  were  used.  Cells  in  batch  cultures  were  grown  ti'  late 
stationars  phase  ill  days,  l-d  ■  10'  cells  mh  .it  '-0  C  under 
vanous  air-\;  atmospheres.  For  the  studv  of  the  effect  of  ele¬ 
vated  O;  on  cvtochrome  content,  cells  in  l.'-liter  cultures  were 
grown  at  a  d  o.l.  of  less  than  .''’I  of  saturation.  Lpon  reaching  a 
densitv  of  approvimateiv  Id'  cells  ml.  cultures  were  shifted  .: 
d  o  t  between  5D  and  1.''^/  of  saturation  Cultures  were  pro¬ 
tected  at  elevated  d  o  t.  b\  addition  of  tilter-sterili.'ed  (sosine 
liver  catalase  iWorthington  Diagnostic  Svstems,  Freehold.  New 
Jersev)  to  the  medium  ( IdO  C  mli  just  prior  to  inoculation  Fhe 
culture  d  o  t.  was  measured  b>  means  of  an  auioclavable  gal¬ 
vanic  O;  electrode  (New  Brunswick  Scientific  Companv.  senes 
9(X);  New  Brunswick.  New  Jersev  i  with  a  New  Brunswick  model 
DO-40  dissolved  O;  analyzer  The  full-scale  response  time  was 
60  s 

Cells  were  harvested  bv  continuous  flow  cenlrifugaiu’n  or 
by  filtration  through  0  45-jim  microporous  membranes  in  a  Milli 
pore  Pellicon  Cassette  filtration  svstem  (Millipore  Corporation 
Medford.  Massachusetts! 

■  K 
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Fig.  I.  Room  temperature  difference  spectrum  of  dithionite-re- 
duced  minus  air-oxidized  small  membrane  particles  of  At/uas- 
ptrillum  mugneioiaciu  um  MS-1.  The  protein  concentration  was 
0.6  mg  •  ml  ’  . 


Preparation  of  respiratory  membrane  particles.  Cells  from  25  li¬ 
ters  of  culture  (ca.  5  10'-  cellsl  were  washed  by  centrifugation 

at  5'C  in  cold  50  m.W  potassium  phosphate  buffer  (KPB)  at  pH 
7.0.  and  resuspended  in  25  ml  of  KPB.  Cells  were  disrupted  by 
pulsed  sonication  for  3-5  min  at  5’C  in  a  Heat  Systems  Ultrason¬ 
ics  W-375  sonicator  operating  at  140  watts.  Disrupted  cells  were 
centrtfuged  ( 10.000  g.  15  min,  5°Ci  to  remove  unbroken  cells  and 
debris.  The  supernatant  fluid  was  centrifuged  (35.000  g.  30  min, 
5'C).  yielding  a  pellet  fraction  consisting  of  membranous  pani¬ 
cles  as  evidenced  by  electron  microscopy .  These  corresponded 
to  "large  respiratory  membrane  panicles"  described  by  Jones 
and  Redfeam  !5|.  "  Small  respiratory  membrane  panicles"  re¬ 
maining  m  the  -upematant  fluid  were  collected  by  ultracemrifu- 
gation  ( 105.000  g.  90  min.  5'0  and  stored  on  ice.  The  upper  two- 
thirds  of  the  resulting  supernatant  fluid  comprised  the  small 
membrane  panicle  wash  fluid.  Pellet  fractions  washed  in  cold 
KPB  ipH  6,8)  were  resuspended  in  3-6  ml  of  KPB.  Brief  sonica¬ 
tion  (15-30  s)  was  often  necessary  to  effect  resuspension  of  these 
panicles,  which,  upon  freezing,  tended  to  aggregate.  Freezing 
was  avoided  whenever  possible. 

Protein  was  measured  by  the  Bio-Rad  Protein  Assay  (Bio- 
Rad)  or  the  Lowry  et  al.  ( I9j  method  with  bovine  serum  albumin 
as  a  standard. 

Absorbance  spectra.  Room  temperature  difference  spectra  were 
measured  in  a  Beckman  Instruments  DU-8  UV'VIS  spectropho¬ 
tometer  equipped  for  wavelength  scanning. 

Reduced  minus  oxidized  (red  -  ox)  difference  spectra  were 
obtained  by  subtracting  the  spectrum  of  the  air-  or  ferricyamde- 
oxidized  sample  from  that  of  the  same  sample  following  either 
chemical  (sodium  dithionitei  or  physiological  (NADH  or  succi¬ 
nate)  reduction,  as  indicated.  Difference  spectra  employing  car¬ 
bon  monoxide  (redco  “  red)  were  obtained  by  subtracting  the 
spectrum  of  the  cytochromes  reduced  with  dithionite  from  that 
of  the  same  sample  after  sparging  with  CO  for  45-60  s.  Identical 
red<,o  -  red  spectra  were  obtained  in  which  the  CO  was  first 
deoxygenated  by  passage  through  an  alkaline  pyrogallol  solu¬ 
tion. 

Cytochrome  concentrations  were  estimated  from  published 
molar  extinction  coefficients  ( 10).  Absorbance  maxima  for  b-type 
cytochromes  occurred  as  shoulders  on  major  absorption  peaks 
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fore-type  hemes.  The  relationship.  1  37  -  0  62  .A.<,  wj-, 

used  to  estimate  the  amount  of  cytochrome  c.  and  1.0"  - 

0.15  .\«.  was  used  to  estimate  that  of  cytochrome  b. 

Low -temperature  red  -  ox  spectra  were  obtained  in 
laboratory  of  Dr.  B.  Chance  (Johnson  Foundation.  L'niversit .  i 
Pennsylvania.  Philadelphia.  Pennsylvania)  with  a  dual  wave¬ 
length  recording  spectrophotometer.  .All  difference  spectra  were 
denved  by  computer  from  stored  spectra. 

Extraction  of  soluble  cytochromes  by  freezing  and  thawing  (FT). 

Washed  cells  (ca.  3  <  10  T  in  6  ml  cold  KPB  ipH  6.8)  were 
frozen  at  -12''C  overnight.  The  thawed  cells  were  centrifuged 
(80(X)  g.  20  min.  5'Cl.  and  the  supernatant  fluids  were  further 
clanfied  by  centrifugation  i32.0OO  g.  30  mm.  5'Ci.  The  pink  su¬ 
pernatant  fluid  was  placed  in  a  dialy  sis  bag  iSpectrapor  no  I. 
ftOOO-SOOO  mol  wt  cutoff.  Spectrum  Medical  Industnes.  Los 
.Angeles.  California)  and  concentrated  to  one-sixth  of  its  volume 
by  use  of  polyethylene  glycol  iJ.  T  Baker,  solid  flake.  20,0(X)  mol 
wtl  by  the  method  of  Cliver  (6].  The  sample  was  then  dialyzed 
overnight  at  4'C  against  KPB  (pH  6  8)  and  examined  for  cyto¬ 
chromes.  .Alkaline  pyndine  hemochromogens  were  prepared  of 
the  soluble  c-type  cytochromes  extracted  from  F  T  supernatant 
fluids  with  cold  acetone. 

Soluble  hemoproteins  were  also  prepared  from  cells  dis¬ 
rupted  at  4°C  with  a  French  pressure  cell.  Cell  debris  was  re¬ 
moved  by  centrifugation  (43(X)  e,  15  min.  4'C).  and  the  superna¬ 
tant  fluid  was  clanfied  by  ultracentrifugation  (200.000  g.  1  h. 
4'Cl.  The  resulting  light  brown  supernatant  matenal  was  applied 
to  a  DEAE-cellulose  (Sigma)  column  equilibrated  with  20  mW 
sodium  acetate  (pH  6.0).  .Amber-colored  matenal  contamtng  the 
c-iype  hemes  eluted  with  the  void  volume. 

Sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis 
(SDS-PAGE).  Cytochromes  released  by  the  F  T  method  were 
concentrated,  solubilized  at  25'C,  and  separated  on  a  1.5-mm 
SDS-polyacrylamide  gel  by  the  buffer  system  desenbed  by 
Laemmli  (18).  The  concentration  of  acrylamide  in  the  stack  and 
separating  gels  was  Abj  and  17'r.  respectively  Each  gel  con¬ 
tained  concentrated  F  T  proteins  (60  /xg  lane),  molecular  weight 
standards  (Bio  Rad),  and  horse  cytochrome  c  (type  II-.A.  Sigmai. 
Proteins  migrated  through  the  stacking  and  separating  gels  at  a 
constant  current  of  20  and  40  mA.  respectively.  Preparative  gels 
contained  17-25  mg  of  proteins  released  by  F  T.  For  these  gels, 
electrophoresis  was  performed  at  10  mA  through  a  3.5-cm.  4*7 
acrylamide  stacking  gel.  and  at  20  mA  through  a  7,0-cm.  12'T 
acrylamide  separating  gel.  Gels  were  observed  unstained  and 
after  stain  with  diaminobenzidine  to  reveal  c-type  cytochromes 
(21).  or  with  Coomassie  blue  to  reveal  proteins 

Results  and  Discussion 

While  the  electron  transport  systems  of  several  spe¬ 
cies  of  chemoheterotrophic  spirilla  have  been  stud¬ 
ied  [4,  5.  7,  8,  12,  13],  magnetic  spirilla  have  not 
been  examined  in  this  regard.  Cells  of  Aquaspiril- 
turn  iiersonii  contained  an  unbranched  electron 
transport  chain  comprised  of  ubiquinone,  b-.  c-.  and 
o-type  cytochromes.  The  c-type  was  both  mem¬ 
brane  bound  and  soluble,  and  a  considerable  quan¬ 
tity  of  the  soluble  form  was  predominant  when  NOy" 
was  present  in  the  culture  medium.  Cells  of  the  obli- 
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wavelength 

Fig.  2.  Low-lemperaiure  (7t  K)  differente  spectra  of  large  membrane  particles  oi  Aqiiaspirillum  mavni’iiHiu  iu  um  MS-1  grossn  vsith 
sodium  nitrate  as  the  sole  nitrogen  source.  Samples  (2.1  ml)  of  respirators  membrane  particles,  each  containing  2-.'  mg  protein,  ssere 
diluted  with  lOO'^r  ethylene  glycol  ipunfied  on  alumina)  to  a  final  concentration  of  ethylene  glycol  Each  oxidized  sample  1 1  mil  in 
the  antilreeze  seas  rapidly  trozen  in  dry  ice  and  spectrally  scanned  at  ”  K  This  spectrum  (oxidized)  ssas  stored  in  the  instrument 
RAM.  The  sample  ssas  thasved.  reduced  by  adding  10  m1  m.Vf  sodium  succinate,  refrozen,  scanned,  and  the  spectrum  also  stored. 
The  sample  was  again  thawed,  reduced  funher  with  several  crystals  of  sodium  dithionite.  refrozen,  scanned,  and  the  spectrum  stored. 

Finally .  the  thawed  sample  was  sparged  for  at  least  Ml  s  with  CO.  refrozen.  ...  i  scanned.  ( - )  Red  -  ox:  and  i . i  red, ,,  -  red  The 

protein  concentration  was  4.6  mg  ml  ' 


wavelength 

Fig.  3.  Low-temperature  (77  Kl  difference  spectrum  of  large  membrane  panicles  of  Aquaspirillum  mimneioiuiiit  nm  MS-1  grown  with 
ammonium  chloride  as  the  sole  nitrogen  source.  The  protein  concentration  was  1.6  mg  ■  ml  '. 


gate  microaerophile  Spirillum  volutans  possessed 
cytochromes  similar  to  those  of  A.  ilersonii  and  A. 
serpens,  with  lower  quantities  of  cytochrome  c  [7). 

Room-temperature  red  -  ox  spectra  obtained 
with  large  or  small  respiratory  membrane  panicles 
from  magnetic  cells  of  denitrifying  A.  magnetotacti- 
cum  (Fig.  I)  displayed  absorption  maxima  of  cyto¬ 
chromes  of  type  c  (425.  522.  and  551  nm).  type  b 
(shoulders  at  530  and  558  nm).  and  type  ai  (450  and 
591  nm).  Shoulders  at  456  and  600  nm  were  consis¬ 
tent  with  the  presence  of  either  an  a-type  heme  or 
the  d|  moiety  of  a  cd|  multiheme  (nitrite  reductase). 
The  a-absorbance  band  attributed  to  c-type  heme  at 


551  nm  was  frequently  a  split  peak.  The  absorbance 
maximum  in  the  Soret  region  expected  for  the  b- 
type  heme  (425  nm)  was  not  discernible  from  that 
resulting  from  c-types  at  room  temperature. 

Red  -  ox  spectra  recorded  at  77  K  (Fig.  2)  were 
similar  to  those  obtained  at  room  temperature.  Ab¬ 
sorbance  maxima  at  77  K  are  usually  shifted  slightly 
toward  the  blue  [26].  For  unknown  reasons,  in  our 
work  maxima  were  shifted  5-10  nm  toward  the  red 
end  of  the  spectrum.  Nevertheless,  low  tempera¬ 
ture  (Fig.  2)  allowed  resolution  of  coincident  max¬ 
ima  and  distinct  peak^  rt  ^65  and  611  nm  attribut¬ 
able  to  the  di  moiety  of  a  cd|  nitrite  reductase  [28]. 


124 


Cl  RRFNT  Mk  ROBIOl  iK.-r  Vol  I  '  WR" 


Table  1  Absorbance  parameters  of  c\ lochromes  JeiecieJ  in 
Ac/i(inp/ri///(.’>’  ‘n, rj':t  '< ■itti  rii  iiir  strain  MS-1  cells 

C\  tochrome  of  upe 

(  omJOion'  ,1  .1  b  c  o  d 


CiRi  AS  I  H  SS  I  1  M  M  1  «  \  1  1 
Small  membrane  pai’AlC' 

Red  os.  room  'eniper.iiare 
M.isima 

Shoulders 

f  :cc/c  ih.As  fluids 
Red  red.  r,H'm 
lemper.iture 
Masim.i 


Minima 

Red  -  r>\.  room 
temperature 
Mavima 


Large  membrane  particles 
Red  os.  ■■  K 
Masima 


Shoiilde'A 

Rs’d  red.  K 
Masim.i 


Minima 

Shoulder 


45(1  <22 

<4 1  <<l 

4<h  <,<!) 

him  <.'« 


4U 

'44 

'h: 


4 14  4hK 

4::  hih 

.444 

5.<l 


4h.«  4*6  g:.'' 

h)  I  ,4:5 

554 

<H‘  <4; 

4b: 


4i: 

444 

4  "4 

440 

4:ft 

>90 

44b 

423 

Cross  rH  SS  I IH  ssisioMt  \r 
Red  os.  K 
,M.i  sim.i 


4h4  5R"  412  d:’ 

4b4  424 

ssS 


The  room  temperature  absorption  ma.ximum  ex¬ 
pected  for  d|-chlorin  of  nitrite  reductase,  typically 
at  625  nm  (28|.  frequently  appeared  at  611-616  nm 
in  our  vsork.  This  is  probably  a  pH  effect  in  that  this 
peak  vsas  shifted  5-10  nm  toward  longer  wave¬ 
lengths  in  spectra  collected  at  higher  pH.  Spectral 
evidence  for  the  presence  of  cdi  nitrite  reductase 
was  corroborated  by  results  of  SDS-P.AGE  (see  be¬ 
low  1. 

Respirators  particles  from  cells  grown  with 
NO:  vielded  low  temperature  carbon  monoxide 
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Fie.  4  RsKim-temperaiure-reduced  minus  nsidi/cd  difference 
spectrum  of  l.irge  membrane  panicles  of  4i/">''bi'.iVi(m  - 

loioi  r(<  mil  .MS  I  suitured  .iilh  sodium  ni'r.i'.e  .1!  elesaled  oss- 
gen  (40  (').  i  The  protein  conceniralion  a  as  2  "  mg  ml 


(redd.  -  red)  difference  spectra  (Fig.  2)  consistent 
with  tvpe  o  (absorption  maxima  at  412.  544.  and  5"4 
nm.  with  minima  at  526  and  556  nmi  and  a.  (shoul¬ 
der  at  42?  nm.  a  trough  at  440  nm.  and  a  slight  dip  at 
.^90  nm)  cvtochromes.  Thus,  our  spectral  data  sum¬ 
marized  in  Table  I.  collectivelv  indicate  the  pres¬ 
ence  of  hemes  of  the  a.  ai.  b.  c.  cd..  and  0  tvpes  in 
cells  of  .4.  mai;>n'ti)tiu  ticiim  strain  MS-1  denitrifv- 
ing  microaerobically.  We  have  not  >ci  determined 
the  functional  roles  of  these  compounds.  However, 
it  would  be  interesting  if  this  cv  tochrome  diversit> 
were  related  to  the  respiratorv  versatilitv  of  this 
organism. 

Variations  in  growth  conditions  produced 
marked  alterations  in  cytochrome  content  of  strain 
MS-1.  Respiratorv  membranes  from  cells  cultured 
microaerobically  with  NH4'  as  the  sole  N  source 
(Fig.  3)  had  less  a-  and  di-tvpe  cvtochromes  (ab¬ 
sorption  maxima  at  455.  465.  and  611  nm  were  re¬ 
duced  or  absent)  compared  with  those  of  denitrifv- 
ing  cells  (Fig.  2).  Cells  cultured  at  a  d.o.t.  greater 
than  5^^  (Fig.  4)  showed  a  50^<  decrease  in  total 
cytochrome  content  over  that  of  cells  at  \'"'f  O.-,  but 
were  proportionally  enriched  in  c  types.  They  pos¬ 
sessed  12-fold  less  (moles  per  weight  membrane 
protein)  ai-type.  threefold  less  b-type.  and  twofold 
less  c-type  hemes  than  cells  cultured  at  a  d.o.t.  of 
V 1  of  saturation  (Fig.  I). 

.Although  photodissociation  studies  were  not 
performed,  our  CO  difference  spectra  suggest  that 
the  o-  and  ai-type  cytochromes  may  function  as  ter¬ 
minal  oxidases.  The  terminal  oxidase  in  Escherichia 
coli  cells  grown  at  high  aeration  consists  of  cvto¬ 
chromes  b<h;  and  o.  which  purify  as  a  single  com- 


W.  O'Bnen  ei  al.:  Cytochromes  of  a  Magnetic  Spinllum 


125 


Tahle  2.  Cytochrome  concentrations  in  fractions  of 
lieniirifii  ing  celN  of  ^lr.lln  MS  I 


Cluantity  inmi'l  mg  total  proteini  of 
c\ tochrome  of  tspe 
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1  1  t  |4|  VI 

X  I2'.S| 

ft 

l-.irge  membr.ine 
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Ituid 
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1) 

12.11  iX  <1 

i:.ii 

Small  respiratory 
Membrane 
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(l.S  (H.hl 

1  (1  IS.II 

.^.5  i2..s; 

5.> 

Small  membrane 
partiele  wash 
fluid 

(t 

(1 

5X  .x  (41. hi 

total 

1  hun 

12.  t  I  lOOi 

I40.X  iHMtl 

1ft:. 4 

The  numbers  in  parentheses  denote  percentage  of  each  ivpe 
delected 


plex  [14].  Low  aeration  results  in  a  terminal  oxidase 
containing  bssg-.  ar  and  d-type  hemes  which  purify 
as  a  single  complex  [14],  Cytochromes  of  the  a  and 
a»  types  together  comprise  the  cytochrome  c  oxi¬ 
dase  of  mitochondria  and  of  some  prokaryotes  in¬ 
cluding  Parcuoccus  denitrificans  and  Rhodop- 
seudomonus  sphaeroides  (16j.  However,  the 
simultaneous  occurrence  of  a,  o.  and  at  types,  as 
detected  in  this  study,  is  uncommon.  Since  high 
aeration  abolished  the  a-type  hemes  in  our  work,  it 
is  possible  that  the  maxima  we  attribute  to  heme  a 
(456  and  6(X)  nm)  are.  in  fact,  those  of  a  d  heme 
associated  with  a  "low  aeration”  oxidase.  Never¬ 
theless.  our  findings  suggest  branching  of  electron 
transport  in  this  microaerophile.  with  dual  expres¬ 
sion  of  terminal  oxidases  of  both  the  ai  (low  aera¬ 
tion)  and  o  types  (high  aeration)  under  denitrifying 
conditions.  Nondenitrifying  cells  grown  microaero- 
bically  on  NH4  were  forced  to  use  O:  and  perhaps 
Fe’*  as  terminal  electron  acceptors.  As  expected, 
taey  had  greatly  diminished  a-type  hemes  (“low 
aeration”  oxidases)  cd|  hemes  (nitrite  reductase), 
and  b-type  hemes  (which  comprise  part  of  the  en¬ 
zyme  nitrate  reductase). 

Although  the  two  respiratory  membrane  parti¬ 
cle  fractions  of  strain  MS- 1  cells  were  qualita¬ 
tively  similar  in  cytochrome  content,  the  large  parti¬ 
cles  contained  nine  times  more  cytochrome  per  unit 


Fig.  Room-temperaiure-reduced  minus  oxidized  difference 
spectrum  of  soluble  proteins  released  by  freezing  and  thassing 
Aquaspirillum  mannehUiH  lit  urn  MS-1  cells  The  protein  concen¬ 
tration  was  .',6  mg  ml 


mass  than  the  small  particles.  Most  (91^1  of  the  a- 
and  b-type  cytochromes  were  associated  with  the 
large  membraneous  particles;  the  remaining  8*^  was 
recovered  in  the  small  particle  fractions  (Table  2). 
Of  considerable  interest,  more  than  85*^  of  the  total 
cytochromes  released  from  denitrifying  cells  of 
strain  MS- 1  or  NM-IA  by  conventional  cell  frac¬ 
tionation  procedures  were  of  the  c  type  (Tables  2 
and  3).  Furthermore.  TO'T  of  c-type  hemes  were 
soluble  (Table  2).  and.  in  fact,  soluble  c-lype  hemes 
comprised  60%  of  the  total  cytochromes  detected 
(Table  2). 

Red  -  ox  difference  spectra  collected  at  77  K. 
with  use  of  the  supernatant  fluids  obtained  from 
washing  membranous  particle  fractions  (Table  2) 
exhibited  absorbance  maxima  at  418.  522.  and  551 
nm  with  shoulders  at  444,  474.  and  513  nm.  These 
indicated  the  presence  of  a  soluble  heme  c  and  ab¬ 
sence  of  a  or  b  types  in  these  wash  fluids. 

Suspensions  of  denitrifying  cells  in  KPB  (pH 
7.0),  when  frozen  overnight,  thawed,  and  centri¬ 
fuged,  yielded  pink  supernatant  fluids  with  spectral 
characteristics  of  c-  and  d|-type  hemes  (Fig.  5).  The 
absorption  band  in  the  vicinity  of  551  nm  was  split; 
this  suggested  the  presence  of  more  than  one  c  type. 
Proteins  in  these  fluids,  when  concentrated  and  sep¬ 
arated  with  SDS-PAGE,  included  a  pink  and  a 
brown  band  of  apparent  mol  wt  17.000  daltons  (17.0 
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wavelength 

Fig.  ft.  Room-temperature-reduced  minus  oxidized  difference 
spectrum  of  soluble  proteins  released  b>  freezing  and  thawing 
AquaspiriUttm  magnetolacricum  .VfS-l  cells  and  partially  punfied 
by  treatment  with  DEAE-cellulose.  The  protein  concentration 
was  4.0  mg  ml"'. 


kdal)  and  85.0  kdal.  respectively.  Each  of  these  ex¬ 
hibited  peroxidase  activity  typical  of  c-type  hemes 
(211.  When  solubilized  at  25°C.  electrophoresed. 
and  subsequently  eluted  from  the  unstained  gel.  the 
pink  material  displayed  spectral  characteristics  (ab¬ 
sorption  maxima  at  412  and  551  nm)  of  a  c-type 
heme.  The  85.0-kdal  brown  band  obtained  by  pre¬ 
parative  SDS-PAGE  of  proteins  released  by  F/T 
was  resolved  by  prolonged  electrophoresis  into  a 
green  (apparent  mol  wt  of  83.0  kdal)  and  a  pink 
(apparent  mol  wt  of  81.0  kdal)  band.  Spectra  ob¬ 
tained  with  material  from  the  green  band  (dithio- 
nite-reduced  minus  persulfate-oxidized)  had  ab¬ 
sorption  maxima  at  415  and  551  nm.  as  expected  of 
heme  c.  and  at  468  and  625  nm,  as  expected  for  the 
d|  chlorin  of  cytochrome  cd|  (nitrite  reductase). 

A  spectrum  confirming  the  presence  of  soluble 
c-type  heme  (551  nm  maximum)  was  obtained  from 
F/T  supernatant  fluids  extracted  with  acid  acetone 
in  which  the  residue  was  scanned  in  alkaline  pyri¬ 
dine,  This  soluble  c.-iji  bound  CO  as  evidenced  from 
difference  spectra  (not  shown)  of  the  chemically  re¬ 
duced  cytochromes  in  F/T  supernatant  fluids  before 
and  after  treatment  with  CO  (maxima  at  414,  534, 
562  nm  with  minima  at  526  and  551  m).  After  treat¬ 
ment  of  F/T  fluids  with  DEAE-cellulose,  well  de¬ 
fined  red  -  ox  maxima  attributable  to  the  d|  (419, 
468,  and  616  nm)  and  c  (419.  522,  and  551  nm)  he¬ 
mes  of  nitrite  reductase  were  observed  (Fig.  6).  Ad- 


Table  3.  Total  cytochromes  detected  m  denitrifving  cells  of 
Aguaspirillum  mavnetotacttcum  strains  MS-1  and  NM-I.A 


of  total  cytochromes 
(Jeiecied  in  •.tram 

Cytochrome  type 

MS-l 

NM-IA 

a 

5  " 

4  8 

b- 

4  1) 

Sft.h 

VI  ; 

“  Includes  o  types 


ditional  maxima  characteristic  of  a  second  c-type 
heme  (549  and  522  nm)  were  also  present  (Fig.  6). 

We  were  surprised  to  find  such  large  quantities 
of  soluble  c-type  hemes  in  this  organism.  Freezing 
and  thawing  did  not  liberate  a-  or  b-type  c\to- 
chromes  present  in  cell  membranes,  nor  did  it  dis¬ 
rupt  the  helical  cell  morphology.  F  T  caused  selec¬ 
tive  release  of  periplasmic  proteins  of  this  organism 
(not  proteins  in  the  cytoplasmic  membrane)  as  de¬ 
termined  from  cell  fractionation  studies  and  assay 
of  succinic  dehydrogenase  [23].  Thus,  c-type  hemes 
selectively  released  by  F  T  were  either  periplasmic 
or  loosely  associated  with  membranes. 

Soluble  c-type  cytochromes  are  quite  common 
(12.  13.  24]  and  frequently  have  been  shown,  as  in 
our  study,  to  bind  CO  [17.  22.  27).  Soluble  c<m  of 
strain  MS-1  occurred  in  two  forms:  a  17.0-kdal  free 
form,  and  together  with  d|  as  a  component  of  an 
85.0-kdal  complex  (nitrite  reductase).  The  ability  of 
soluble  C551  to  bind  CO  is  suggestive  of  an  oxiUase 
function.  CO  binding  by  c-type  cytochromes  is  enig¬ 
matic,  since  they  are  considered  unable  to  bind  Ov 
The  sixth  coordination  position  (CO  or  0;  binding 
site)  of  iron  in  the  heme  is  covalently  bound  to  the 
imidazole  group  of  histidine  in  the  protein.  There¬ 
fore.  their  proportional  abundance,  soluble  nature, 
preferential  distribution  in  the  periplasm,  and  ap¬ 
parent  ability  to  bind  CO  are  all  properties  not  ex¬ 
pected  of  a  c-type  cytochrome  with  a  principal  role 
in  cell  energy  conservation  (i.e..  as  a  component  of 
a  vectorially  organized  electron  transport  chain), 
and  alternate  function! s)  must  be  considered. 

No  differences  were  detected  in  the  cyto¬ 
chrome  of  strains  MS-l  and  NM-IA  (Table  3). 
Thus,  there  may  not  be  unique  cytochromes  or 
combinations  of  cytochromes  specifically  required 
for  iron  respiration  or  Fej04  formation  by  strain 
MS-1.  However,  the  mutant  NM-IA,  despite  its  in¬ 
ability  to  respire  with  iron  (25],  may  be  blocked  in 
some  aspect  of  FejO^  formation  not  reflected  in  its 
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cytochrome  composition.  Of  particular  interest  is 
the  fact  that  conditions  which  depress  magnetite 
yields  of  cells  (high  d.o.t.  or  growth  with  NHf )  also 
result  in  diminution  of  a-type  hemes  which  com- 
monl\  comprise  terminal  oxidases.  This  may  indi¬ 
cate  that  electron  flow  via  particular  terminal  oxi- 
da.ses  is  important  for  optimal  magnetite  formation. 
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Freeze-Thawing  of  Aquaspirillum  magnetotacticiim  Cells  Selectively 

Releases  Periplasmic  Proteins 

LAWRFNCE  (  PXOLETTl.  KEVIN  A.  SHORT.  NANC'i  BL.AKEMORE.  vsD  RICHARD  P.  BLAKEMORE' 
■nun  'll  lit  \lii  l■lthn'lll•^‘\  (  nncrsin  "I  \i  n  Humi'\hiic.  Ihirluitn  .Sc"  fiiinip^lnn- 
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Cells  of  the  gram-negative  bacterium  Aquaspirillum  magneioiaclicum.  uhen  suspended  in  buffer  and 
freeze-thawed,  produced  pinkish  orange  supernatant  fluid.  The  fluid  contained  ^2.0^  of  total  extractable 
outer  membrane  component  2-keto-3-deoxvoctonate  or  of  the  cytoplasmic  membrane  marker  succinic 
dehydrogenase.  Electrophoretic  banding  patterns  anu  difference  spectra  of  proteins  and  hemoproteins  released 
by  freeze-thawing  cells  were  distinct  from  those  of  membrane-associated  substances  and  similar  to  those  of 
periplasmic  substances  obtained  by  applying  conventional  fractionation  methods  to  this  organism. 


Freeze-thawing  iFTi  is  undoubtedly  important  in  defining 
ind.genous  soil  bacteria  populations  in  temperate  regions. 
y  '■ley  et  al.  1 1 1 1  observed  a  40  to  bO'T  decrease  in  bacterial 
•  '|■h||lly  in  sandy  loam  soil  as  a  direct  result  of  FT.  FT  is 
known  to  have  a  profound  effect  on  bacterial  cells  and  is 
often  used  as  a  pretreatment  for  cell  disruption  iI8.  19). 
Responses  of  gram-negative  cells  depend  upon  the  cell 
genotype  (3).  the  menstruum  in  which  they  are  suspended, 
and  the  FT  rates  i4i.  Outer  sheath  material  from  an  oral 
spirochete  has  been  isolated  by  FT  (10).  Calcott  and 
MacLeod  i4i  found  that  freeze-thawed  lactose-limited  Esclt- 
eru  hm  coli  cells  released  considerable  amounts  of  the  peri- 
plasmic  enzyme  cyclic  phosphodiesterase  but  not  the  cyto¬ 
plasmic  enzyme  glucose-h-phosphate  dehydrogenase.  .A 
small,  constant  quantity  (10  to  of  total  activity)  of 
3-galactosidase  (normally  cytoplasmic)  released  was  attrib¬ 
uted  to  a  possible  penplasmic  form  of  this  enzy  me. 

Periplasmic  substances  of  £.  cdU  have  been  separated 
from  other  cellular  components  by  osmotic  shock  and 
spheroplast  formation  (12).  .Ames  et  al.  (1)  demonstrated 
selective  release  of  periplasmic  proteins  from  E.  coli  cells 
treated  with  chloroform. 

FT  of  cell  suspensions  of  Aquaspirillum  masnetotacticum 
MS-1  in  10  mM  ,V-2-hydroxyethylpiperazine-.V'-2-ethanesul- 
fonic  acid  (HEPESi  bufl^er  (pH  7.4)  or  10  to  50  mM  potas¬ 
sium  phosphate  buff'er  caused  the  release  of  soluble  t  sM-type 
hemoproteins  (15:  W.  O'Brien.  .M  S.  thesis.  University  of 
New  Hampshire.  Durham.  1982).  FT  did  not  disrupt  overall 
helical  cell  form.  The  objective  of  our  study  was  to  compare 
FT  with  other  cell  fractionation  methods  applied  to  this 
organism  to  determine  the  cellular  origin  of  the  substances 
released,  including  the  soluble  <  <.i-typc  hemoprotein.  This 
method  also  allowed  us  to  partially  purify  this  hemoprotein. 
Periplasmic  soluble  c-typc  hemoproteins  of  unknown  func¬ 
tion  have  been  detected  in  Alcaliqenes  eutrnphus  (17). 
Aquaspirillum  itersonii  (6).  Paracoccus  denitrificans  (8).  and 
Haemophilus  parasuis  (13). 

(Portions  of  this  work  have  been  reported  previously  (L. 
C.  Paolctti.  K.  A.  Short,  and  R.  P.  Blakemore.  Abstr.  Annu 
Meet.  Am.  Soc.  Microbiol.  1986.  16,  p.  1661.) 

Denitrifying  A.  maitneiotacticum  MS-1  ceils  t.ATCC 
31632)  were  batch  cultured  with  a  chemically  defined  me¬ 
dium  (2)  microaerobically  at  a  dissolved  oxygen  tension  of 
less  than  I'T-  saturation.  Cells  were  harvested  by  filtration 
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(15i  when  they  reached  a  density  of  (4  «  1()’'(  ml  .  CelN 
were  washed  once  b.  centrifugation  i8.(K)()  c.  .'•>  min. .'  C ' 
in  at  least  10  pellet  volumes  of  50  m.VI  potassium  phosphate 
buffer  ipH  6.8)  or  10  mM  HEPES  buffer  (pH  ~  4i  Cells  from 
a  single  40-liter  culture  were  suspended  in  100  ml  of  pota'- 
sium  phosphate  buffer  or  HEPES  buffer,  and  equal  portions 
were  fractionated  by  the  procedures  described  below. 

The  FT  technique  consisted  of  storing  washed  resus¬ 
pended  cells  at  -20’C  overnight.  The  freezing  rate  was 
O.^'C  min  ■ '  The  sample  was  thawed  at  room  temperature, 
and  cells  were  pelleted  by  centrifugation  1 10. (KK)  •  c.  15  min. 
5'Cl.  The  pinkish  orange  supernatant  fluid  was  clarified  b\ 
uliracentrifugalion  (100.000  •  it.  1  h.  5'Ci  and  concentrated 
by  membrane  dialysis  (Spectrapor  membrane  tubing:  6. out) 
to  8.000  molecular  weight  cutoff:  Spectrum  Medical  Indus¬ 
tries.  Inc..  Los  .Angeles.  Calif. i  on  a  bed  of  solid-flake 
polyethylene  glycol  (molecular  weight.  20.0(X):  J  T  Baker 
Chemical  Co..  Phillipsburg.  .N.J.'atd  C' 

Periplasmic  proteins  were  obtained  by  two  methods,  os¬ 
motic  shock  1 12)  and  chloroform  extraction  ill  The  method 
of  Schnaitman  (19)  was  also  used  to  separate  outer  mem¬ 
brane  proteins,  cy  toplasmic  membrane  proteins,  and  soluble 
(cytoplasm  and  periplasm)  proteins.  Cells  were  disrupted  in 
a  French  press  (10.000  lb  in')  before  treatment  wiih  2''; 
ivol  vol)  Tnton  X-100  and  10  mM  MgCl;  in  10  mM  HEPES 
buffer  (pH  7.4).  Each  fraction  was  dialyzed  overnight  at  4'C 
against  HEPES  buffer  before  analysis. 

The  relative  activity  of  succinic  dehydrogenase  (SDH),  an 
integral  enzyme  of  the  cytoplasmic  membrane  (5.  ').  and  the 
concentration  of  2-keio-3-deoxyoctonate  iKDOi.  a  constitu¬ 
ent  of  outer  membrane  lipopolysacchande.  were  used  as 
indices  of  the  purity  of  cell  fractions  (9).  Proteins  and 
molecular  mass  standards  (Bio-Rad  Laboratories.  Rich¬ 
mond.  Calif.)  were  solubilized  and  separated  b\  sodium 
dodecyl  sulfate-polyacrylamide  gel  electrophoresis  (16)  and 
stained  with  silver  (14).  Spectra  of  air-oxidized  soluble 
protein  fractions  were  subtracted  from  spectra  of  dithionite- 
reduced  soluble  protein  fractions,  both  of  which  were  at 
room  temperature,  as  previously  desenbed  (15).  The  ability 
of  cells  to  survive  FT  was  evaluated  by  using  a  standard 
plate  assay.  Loganthmic  dilutions  of  thawed  cells  were 
prepared  as  pour  plates  in  semisolid  medium  in  tnplicate 
Plates  were  incubated  for  1  week  at  room  temperature 
microaerobically.  Colony  counts  were  compared  with  those 
of  control  inon-FT)  cells  plated  similarly. 
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Supernuiant  fluids  obtained  h\  FT  contained  l.T'^  ot  the 
total  SDH  actiMts  delected  and  2.lTr  of  the  total  KDO 
recovered  (Table  li.  These  results  suggest  that  FT  did  not 
markedU  disrupt  either  the  outer  or  the  inner  cell  mem¬ 
branes  \Mth  subsequent  release  of  these  markers.  Soluble 
fractions  obtained  b>  chemical  treatment  (chloroform  or 
1> sozyme-EDTAi  or  mechanical  disruption  (French  pressi  of 
^train  MS-l  cells  had  comparable  proportions  of  total  detect¬ 
able  SDH  activity  and  KDO  (Table  li.  Most  (8'^f  i  of  the 
total  SDH  activity  and  90^r  of  the  total  KDO  recovered  were 
in  the  cytoplasmic  and  outer  membrane  fractions,  respec¬ 
tively .  of  strain  MS-1  cells  (Table  li. 

Electrophoretograms  of  each  soluble  fraction  (Fig.  1. 
lanes  4  to  "i  exhibited  similar  protein-banding  patterns.  In 
each  of  these  fractions,  more  than  bO  proteins  were  evident, 
including  several  major  proteins  with  molecular  masses 
ranging  between  28.(HK)  and  8.^.(X)0  daltons.  Four  proteins 
with  apparent  molecular  masses  of  29.000.  41.000.  44.500 
and  45.000  daltons  were  unique  to  the  periplasm  (Fig.  1. 
lanes  4  to  "i.  The  cytoplasmic  membrane  (Fig.  1.  lane 
contained  three  major  proteins  (16,500.  56.000,  and  85.00t) 
daltonsi  which  were  also  present  in  the  periplasmic  fraction. 


FIG  1  Silver-stained  sodium  dodecyl  sulfale-poUacrvlamide 
gel  elecirophorelogram  of  ,4.  maeneii’iin  iiciim  cell  proteins.  Lanes 
1.  molecular  mass  standards  iin  kilodaltonsi;  2.  outer  membrane 
fraction.  L  inner  membrane  fraction;  4.  periplasm-cytoplasm  frac¬ 
tion.  s,  proteins  obtained  by  FT;  6.  proteins  released  by  osmotic 
shock,  '.  proteins  obtained  with  Iv sozy me-EDT.A  treatment  Each 
lane  contained  t  ixg  of  proiein  Dashes  to  the  right  of  the  gel 
indicate  proteins  resincted  to  the  periplasm 


FTO  2.  Uitference  spectra  of  reduced  soluble  proteins  minus 
those  of  ovidized  proteins  of  .4.  nhiitiit  toiai  nuini  obtained  bv 
fraclionalion  by  i.Xi  FT  il)  '  mg  of  proiein.  absorbance  divisions  = 
(l.(i45i.  I  Bi  the  procedure  of  Schnailman  id. 4  mg  of  protein,  absorb¬ 
ance  divisions  =  d.260i.  iCi  chloroform  irealmeni  i().i)4  mg  of 
priviein:  .ibsorbance  divisions  =  0  (U5i.  and  'Di  osmotic  shock  ui  04 
mg  of  protein,  absorbance  divisions  =  0  old' 


The  outer  membrane  iFig.  1.  lane  2i  and  periplasmic  frac¬ 
tions  (Fig.  1.  lanes  4  to  'i  contained  few  proteins  in  common 

Soluble  fractions  obtained  by  FT.  chloroform  treatment, 
osmotic  shock,  or  French  press  disruption  of  strain  MS-1 
cells  contained  substances  with  absorption  spectra  'Fig.  2i 
typical  of  ( <<i-type  hemes  (maxima  at  414.  522.  and  ,'51  nmi 
Spent  growth  medium  and  cell-wash  fluids  of -1.  muetK/"- 
taitkum  concentrated  100-fold  did  not  contain  detectable 
quantities  of  protein  or  c  -type  hemoproteins. 

The  effects  of  FT  on  strain  .MS-1  cells  were  evaluated  by 
p'aie  assay  and  electron  microscopv .  Only  1  to  *''r  of  control 
(non-FT)  cells  were  recovered  as  CFL  after  FT  Survivors 
were  magneiotactic.  Freeze-thawed  cells  which  were  nega¬ 
tively  stained  with  uranyl  acetate  and  observed  by  electron 
microscopy  lacked  flagella  but  appeared  otherwise  structur¬ 
ally  intact  as  compared  with  control  cells.  They  retained 
their  helical  form  and  did  not  form  spheroplasts  or  show 
blebbing. 

Our  results  indicate  that  FT  provides  a  rapid,  simple, 
reproducible  method  of  selectively  releasing  periplasmic 
substances,  including  the  soluble  c  <M-type  hemoproteins. 
from  A  inuuneiotaciiciim  without  recourse  to  chemical 
treatments. 

We  have  applied  FT  to  .\qi4a\pirilli(tn  itersonn  and 
Azo^pinlliim  lipolenim  cells  and  obtained  spectral  evidence 
for  release  of  i  -type  hemoproteins  from  these  organisms  as 
well  (data  not  shown).  Recently.  FT  was  applied  to  cells  of 
nine  genera  of  gram-negative  bacteria.  The  method  was 
found  to  be  comparable  to  the  chloroform  method  ( 1 )  for  the 
release  of  periplasm  (B.  E.  Eribo.  S.  D.  Lall.  and  J.  M.  Jay . 
•Abstr.  .Annu.  Meet.  .Am.  Soc.  Microbiol.  1987.  1152.  p.  197i. 

FT  had  several  advantages  over  conventional  techniques 
used  to  obtain  penplasm  from  A.  ma^netotacticum.  These 
include  the  following:  til  the  absence  of  chemical  treatment, 
such  as  with  lysozyme,  chloroform,  toluene,  or  EDT.A;  (lU 
the  rapid  and  selective  recovery  of  nenplasmic  substances, 
including  enzymes;  and  inn  the  lack  of  apparent  gross  cell 
damage.  This  method,  if  generally  applicable  to  other  gram- 
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negative  species,  would  prove  useful  m  obtaining  periplasm 
with  minimal  cell  handling,  e  g.,  with  pathogens. 

VV'e  (hank  ’t  un  Gortu  K'r  Ihe  eleciron  microscopy. 
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Ultrastructure  and  characterization  of  ani.sotropic  magnetic 
inclusions  in  magnetotactic  bacteria 

O 

By  S.  Man  n'.  N.  H.  C.  Sparks'  and  R.  1’.  Blakemore* 
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^  J  ti'parhiiml  if  M  icrohioloqi/,  C  nivernHy  ff  Sfw  Hampshire,  Durham. 
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[Commuuiratni  hy  B.J.  /’.  ll'iV/iVini-S',  F.B.S.  ~  lierpiretl  18  Fehruary  1087) 

f  Plates  1  and  2] 

Ovoid  magiietotactif  bacteria  e.xtracted  from  tbc  E.xeter  River.  Xeu- 
Haiiip^hire.  L'.S,.4..  contain  chains  of  20-35  anisotrojtic  magnetic  in- 
clnsioits  running  longitudinally  in  each  of  three  lateral  cell  positions  ad¬ 
jacent  to  the  inner  surface  of  the  cytoplasmic  membrane.  The  inclusions 
are  bullet-shaped  and  have  characteristic  flattened  end  faces.  Some  par¬ 
ticles  show  kinking  and  curvature  in  their  morphology.  In  cross  section 
the  particles  have  a  he.xagonal  shape.  The  length  of  the  inclusions  varies 
overa  wide  range  (4.5-135  nm)  with  a  mean  valueof97.8  nm.  In  contrast, 
the  width  of  the  particles  is  restricted  to  a  range  of  30-45  nm  with  a  mean 
value  of  3C.9  nm,  .Many  particles  are  surrounded  by  an  organic  electron- 
dense  envelope.  The  crj'stallographic  structure  of  the  inclusions  has  been 
determined  by  electron  diffraction  and  corresponds  to  the  mineral  mag¬ 
netite  (FC3O4).  The  dimensions  of  the  crystals  fall  within  the  magnetic 
single-domain  range  for  magnetite  and  the  magnetic  moment  of  one  cell 
is  approximately  4  x  10~'*  emu  (4  f.JT~‘). 

I.VTRODrCTION 

Magnetotaetic  bacteria  are  ubiquitous  in  aqueous  natural  environments  (Blake- 
more  1982 ;  Sparks  el  al.  1986)  from  which  they  can  be  readily  extracted  by  using 
small  permanent  magnets  (Blakemore  1975).  A  variety  of  bacteria,  including 
coccal.  bacillary,  vibroid  and  helical  forms,  have  been  reported  (Blakemore  1^82; 
Sparks  ei  al.  1986).  .A  characteristic  feature  of  these  magnetic  organisms  is  the 
pre.senee  of  intracellular  electron-dense  inclusions,  often  organized  in  chains  along 
the  long  axis  of  the  cell.  The  mineralogical  structure  of  these  inclusions  has  been 
determined  in  three  different  magnetotactic  bacteria  (Towe  &  Moench  1981 : 
Frankcl  et  al.  1979;  Matsuda  et  al.  1983)  and  identified  as  the  mixed-valence  iron 
oxide  magnetite  (FcjOj).  The  size  and  orientation  of  these  intracellular  magnetite 
particles,  termed  ‘  magnetosomes  ’  (Balkwill  et  al.  1980)  impart  a  permanent  mag¬ 
netic  moment  to  each  coll  such  that  the  bacteria  are  aligned  in  the  geomagnetic 
field.  .4  .survey  of  magnetotactic  bacteria  found  in  different  geographical  locations 
indicates  that  cells  swim  almost  exclusively  downward  in  both  the  Northern 
(Blakemore  &  Frankel  1981)  and  .Southern  hemispheres  (Blakemore  et  al.  1980; 
Kirschvink  J980). 
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The  cry.stal  iiiorjihology  of  harterial  magnetite  has  been  determined  in  three 
organisms  (Mann  et  ul.  i984«.  h:  Matsuda  H  at.  1983).  Aquftspirillutn  dkkjikIo- 
taclicum  synthesizes  magnetite  particles  « ith  a  euho-detahedral  habit  (Mann  et  al. 
19840)  which  is  a  conventional  abiogenie  form  for  this  mineral.  In  eoeeoid  ei'lls 
(Mann  et  al.  1984/d  and  cells  from  an  unidentilied  bacterium  (Matsuda  et  at.  1983  I 
the  magnetite  crystals  adojit  a  jiarallelcpijied  mor|>hology  based  on  a  lu’xagonal 
prism  of  { 1 10}  faces  caj)j)ed  by  {111}  end  faces.  In  contrast,  the  magnetic  inclusiotis 
investigated  in  this  [)afier  show  e.vtensive  ani.sotrojiy  in  their  f)article  shap(>.  The 
ultra.struct ure  and  characterization  of  these  bacteria  and  their  associated  inclu¬ 
sions.  as  re[)r,rted  in  this  paper,  is  of  fundamental  biological  irnportaticc  in  tlu' 
undcrstandi/ig  of  the  regulation  of  biomineralization  proces.ses  in  bacteria.  In 
addition  the  unique  [Mi  ticlc  shape,  which  i.s  not  known  to  be  j)roduced  by  abiogenie 
processes,  indicates  tliat  they  should  be  readily  identified  as  being  of  biogenic 
origin  in  marine  or  freshwater  .sediments;  this  has  important  implications  for  the 
stuily  of  [lalaeobiology,  palaeomagnetisin  and  magneto.stratigraphy.  The  nature 
of  the  inclusions  is  also  of  immediate  intei’e.st  to  ehemi.sts  and  materials  scientists 
involved  in  the  production  of  crvstalloehemieally  specific  materials  for  magnetic 
and  catalytic  apiilication. 

Materi.\ls  .\nd  methods 

Magnetotactic  bacteria  containing  anisotropic  magneto-somes  were  extracted 
from  samples  of  sediment  and  water  taken  from  the  Exeter  River,  New  Hampshire. 
U.S.A.  The  samples  were  incubated  for  2  months  in  dim  light  at  ambient  tem- 
[>erature.  The  organisms  were  then  separated  from  the  sediment  by  using  a 
[)ermanent  magnet,  and  the  concentrated  cells  were  washed  once  by  centrifugation 
with  filter-sterilized  river  water.  They  were  then  immediately  fixed  in  50  m.M 
cacodylate  buffer. 

One  drop  of  a  cell  su.spension  containing  1  ml  river  water  and  0,5  ml  of  50  mM 
cacfulylate  buftcr  was  air-dried  onto  nitroccllulo.sc-VM.  c:^d.  ctvi  v,oai,eu,  cv.,; 
or  nickel  3.05  mm  electron  microscope  grids  (Agar  Aids).  Intact  cells  were  studied 
unstained  or  after  staining  with  uranyl  acetate.  Magnetic  inclusions  were  studied 
either  in  situ  or  after  hypochlorite  digestion  (0%  (by  mass)  XaOCl  for  20  min  at 
room  temperature  followed  by  washing  with  distilled  water)  of  the  cells  air-dried 
onto  electron-microscope  grids. 

Analytical  tran-'^uiission  electron  microscopy 

Intact,  digested  and  sectioned  cells  were  investigated  by  using  a  .leol  lOOCX 
analytical  electron  microscope  operating  at  100  ke\'  and  a  .Jeol  2000FX  trans¬ 
mission  electron  micro.scope  operating  at  200  keV.  Electron-diffraction  patterns 
were  recorded  in  the  selected  area  mode.  Energy-disj)crsive  X-ray  analysis  (edx.x) 
of  individual  magnetic  particles,  either  within  intact  cells  or  after  hypochlorite 
digestion,  wa.-;  undertaken  in  the  .ste.m  mode  with  a  Link  Li-drifted,  silicon  detector 
set  at  40°  to  the  .sample  area.  The  analysis  time  was  100  s. 

Dimensions  of  the  magnetic  parr  >  were  measured  from  tem  micro¬ 
graphs  recorded  at  0°  tilt  angle  by  usii,;^  a  vernier  caliper.  At  least  50  jiarticles 
were  measured. 
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Sectioned  cells 

Cells  were  prepared  for  thin  sectioning  by  standard  procedures.  A  cell  .suspension 
was  pelleted  by  centrifugation  and  treated  with  4%  (by  volume)  glutaraldehyde 
in  0.1  .M  cacodylate  buffer  for  18  h  at  4  “C.  The  pcdlet  wa.s  then  washed  twice  in 
0.1  .M  cacodylate  buffer,  fi.xed  with  0.1  M  osmium  tetroxido  for  1  h  at  room  tem¬ 
perature,  dehydrated  in  a  series  of  acetone  solutions  (final  solution  of  \00'V,> 
acetone)  and  embedded  in  Taab  (medium)  resin.  Sections  (0.5-l.U  pm)  were  cut  on 
a  Reichert  UM03  ultramicrotome  with  glass  knives  and  mounted  on  eopj)er 
electron-microscope  grids.  Sections  were  post-stained  with  uranyl  acetate  (satu¬ 
rated  solution  in  70%  (by  volume)  ethanol)  and  Reynolds  lead  citrate  (4  g  T’). 


R  ESULTS 

Cell  morphology  and  ultraslructure 

The  samples  examined  contained  several  species  of  magnetotactic  bacterium. 
However,  one  sample  became  specifically  enriched  in  ovoid  cells  with  dimensions 
ca.  3  pm  X  2  pm  and  with  multiple  sheathed  flagella  situated  at  one  pole  (figure  1 . 
plate  1),  Thin-,scctioned  material  showed  that  the  cell  envelope  comprised  an  outer 
membrane,  with  was  often  markedly  convoluted  when  com()ared  with  an  inner 
cytoplasmic  membrane  (figure  2,  plate  1),  High-magnification  images  indicated 
that  the  outer  membrane  had  a  trilaminate  structure  of  the  Gram-negative  type. 
The  electron-transparent  periplasmic  region  varied  considerably  in  dimensions 
(figure  2)  and  may  represent  distortion  during  sample  preparation.  These  bacteria, 
as  well  as  those  of  similar  morphology  collected  elsewhere  in  New  Hampshire  and 
V'ermont.  U.S.A.,  contained  magnetosomes  of  anisotropic  morphology. 

Electron-dense  inclusions 

The  anisotropic,  bullet-shaped,  electron-dense  magnetosomes  were  organized  in 
one  or  more  chains  running  longitudinally  in  each  of  three  lateral  cell  positions 
(figure  1).  Each  chain  contained  20-3o  particles,  of  which  the  majority  (greater 
than  70%)  were  aligned  ‘hcad-to-tail’  in  intact  cells.  In  sectioned  cells,  however, 
the  particles  were  often  misoriented,  presumably  owing  to  cutting  and  dehydration 
artifacts.  The  chains  were  in  close  proximity  to  the  inner  surface  of  the  cytoplasmic 
membrane  (figure  2). 

The  inclusions  had  flattened  ends  oriented  towards  the  flagellated  pole  of  the 
cell  and  often  showed  curvature  and  kinking  along  their  length  (figures  3  and  4. 
plate  2).  Particles  viewed  in  cross  section  appeared  to  be  rounded  pseudo-hex¬ 
agonal  prisms  with  apj)roximately  equal  width  and  thickness  (figure  5,  plate  2). 
The  length  of  the  mature  particles  varied  over  a  wide  range  (45-135  nm)  u  ith  a 
median  value  of  98.4  nm  and  a  mean  length  of  97.8  nm  with  a  standard  deviation 
of  19.95  nm  (figure  6).  In  contrast,  the  maximum  width  of  the  mature  inclusions 
was  extremely  uniform  (30-45  nm)  with  a  median  value  of  37.9  nm  and  a  mean 
of  36.9  nm  with  a  standard  deviation  of  2.82  nm  (figure  7). 

.Magnetosomes  imaged  in  stained  sectioned  cells  showed  the  pre.scncc  of  an 
electron-dense  layer,  ra.  1  nm  thick,  surrounding  the  particles  (figure  8.  plate  2), 
The  layers  were  separated  from  the  particle  surface  by  a  distance  of  cu.  3  nm.  This 
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Figure  G,  Histogram  of  particle  lengths  fur  mature  inclusions. 


width/nm 

Figure  7.  Histogram  of  particle  widths  for  mature  inclusions. 

substructural  detail  tva.s  often  not  visible  and  ajipears  to  be  very  .sensitive  to 
sample  prejiaration.  No  electron-dense  structures  were  observed  linking  adjacent 
particles. 

Mineral  identification  was  undertaken  with  edx.\  and  selected-area  electron 
diffraction.  Compositional  information  from  edxa  on  individual  particles  showed 
that,  for  elements  above  Na  in  atomic  number,  only  Fe  was  present  (figure  9). 
Selected-area  electron-diffraction  patterns  were  recorded  on  manv  crystals  and 
identified  the  mineral  as  magnetite  (Fc^O^.  .space  group  Fd.'bn :  «  =  8.31)6  At) 
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Fii;i  rk  I  rranvI-rtiftatR-stHiiied  intact  inajtnetotartic  bacterium  of  the  ty|>e  desci  ibed  in  this 
study.  Kliint>aled  elcctrun  dcnse  magnetosonies  are  organi/.ed  in  longitudinal  chains  at 
three  lateral  positions  in  the  cell .  there  are  multiple  sheathed  flagella  at  one  end  of  the  cell 
Scale  bar  I  pin 

Fioi  kk  ’J.  Traiisniission  electron  uiicrogra[ih  of  a  stained,  thin-.seotioned  magnetotactic  bac- 
teriiiiii  containing  anisotropic  magnetic  inelu.sions.  Abbreviations  om,  outer  membrane: 
[It.  peri[ilasmie  region;  cm.  cytoplasmic  menibrane:  mi,  magnetic  inclusions.  Scale  bar 
I  pm 

{Fiirinij  ji  4TJ) 


Fkm  kf,  Transmission  electron  micros'ra|)ii  of  mapnetic  inclusions  isolated  from  digested  cells. 
The  ari'ou  slimss  a  inagnetosome  with  a  flattened  end  fiice,  Klectron  diffraction  patterns  of 
the  |iaitii  lcs  idcnt itii'd  them  as  magnetite.  Fe,0,  (table  I).  Siaie  har  KKi  nni 
Fioi  UK  4  MaL'iietli  iiu  hision  show  me  cnrvatuie  in  its  growth  mor|)hology  Scale  har  Itl  urn 
Fi(ii  KK  .')  Magneti<  inclusion  viewed  in  cro.ss- sect  ion  witliin  a  thin-sectioned  cell,  showing  a 
loundcil  )i>cudohcxagonal  morphology  Scale  har  2(1  nm. 

Fioi  kf.  s  Transmission  electron  micrograph  of  a  stained  thin-sectioned  inagnetotactic  hac- 
tcriinn.  showing  the  presence  of  eleclron-deiise  suhstruetures  (arrows)  surrounding  the 
magiietic  iiiclnsions  Scale  har  !(*((  nin 
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2.640  7.760  12.880 

energy/keV 

Figure  9.  edxa  spectrum  for  magnetic  inclusions.  Cu  and  Xi  peaks  arise  from  the  .sample  holder 
and  electron  microscope  grid  respectively.  Only  Fe  was  detected  in  the  particles. 

(table  1).  Several  crystals  gave  electron-diffraction  patterns  indicative  of  single- 
domain  crystals.  Information  about  the  structural  and  morphological  nature  of 
these  crystals  at  the  nanometre  level  has  been  obtained  from  high-resolution 
transmission  electron  microscopy  and  is  reported  elsewhere  (Mann  et  at.  1987). 

Table  1.  Electron  diffraction  data  for  bacterial  inclusions 

{d  SPACINGS  IN  ANGSTPOMS) 


bacterial  particles 

magnetite  (standard)* 

Miller  indices 

4.88 

4.85 

(III) 

2.99 

2.967 

(220) 

2.54 

2.532 

(311) 

2.12 

2.099 

(400) 

1.75 

1.715 

(422) 

1..59 

1.616 

(oil) 

1.49 

1.485 

(440) 

1.10 

1.093 

(731) 

1.06 

1.050 

(800) 

•  ASTM  card  19-629. 


Discussion 

This  paper  has  described  the  ultrastructure  and  characterization  of  anisotropic 
mineral  inclusions  formed  within  the  cells  of  a  freshwater  magnctotactic  bac¬ 
terium.  The  general  organization  of  these  magnetosomes  within  the  cells  is  similar 
to  that  of  other  bacteria  exhibiting  a  magnetotactic  respon.se  to  the  geomagnetic 
field  (Blakemore  1982;  Balkwill  et  at.  1980).  The  crystals  are  organized  in  chains 
at  three  lateral  positions  adjacent  to  the  inner  surf^ace  of  the  cytoplasmic  mem¬ 
brane.  Each  chain  contains  between  20  and  35  elongated  bullet-shaped  particles, 
with  the  crystal  long  axes  lying  approximately  parallel  to  the  cell  length.  This 
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arrangement  establishes  an  oj)timum  e<)U})ling  of  the  motive  force  generated  by 
the  flagella  to  the  torque  that  arises  because  the  cells'  magnetic  axes  arc  not 
oriented  parallel  to  the  geomagnetic  field.  Con.sequently.  cells  swim  preferentially 
downwards  towards  a  inicroat'robic  environment.  If  the  magnetic  moment  for 
each  particle  is  aligned  in  the  same  direc  tion  (Frankei  &  Blakemore  ig8o).  then 
the  total  magnetic  moment  of  the  cell  is  etjual  to  the  sum  of  the  moi  tUs  of  all 
the  ])articles.  .Magnctit<>  has  a  saturation  magnetization  of  4t<0 1  mu  em'^t. 
Therefore  the  magnetic  moment  of  an  average-size  anisotropic  crystal  (10()  nm 
X  35  nm  x  35  nm)  is  5.5  x  10"*^  emu.  This  value  isclo.se  to  that  calculated  for  50  nin 
isotropic  magnetite  crystals  produced  by  the  inagnetotactic  spirillum  .4.  hkkj- 
iielotacticiirn  ((\  x  10“'^  emu)  (Frankcl  &  Blakemore  1980:  Frankei  1984).  However, 
the  presence  of  three  chains  of  anisotrcjpie  crystals  [mt  cell  in  the  organisms  studied 
in  this  pajKT.  in  contrast  to  the  single  central  chain  formed  in  A.  nia/jnetoturtirum 
cells  (and  many  coccoid  cells),  generates  a  larger  magnetic  moment  [cer  bacterium 
(4.15  X  lO"'"  emu.  assuming  an  average  total  of  75  particles  per  cell,  as  compared 
with  1.2  X  lO"*"  emu  for  20  isotropic  magnetosomes  in  spirillum  cells).  This  dif¬ 
ference  is  insignificant  w  hen  compared  with  the  value  of  6.7  x  emu  for  the 
average  magnetic  moment  of  a  magnetotactic  alga  recently  obtained  from  a 
coastal  mangrove  swamp  in  northc'astern  Brazil  (Torres  de  Araujo  et  al.  1986). 
Presumably  the  greater  size  of  the  algal  cell,  and  the  correspondingly  increased 
viscous  drag,  requires  a  much  larger  magnetic  moment  per  cell  for  effective 
geomagnetic  navigation. 

The  dimensions  of  the  magnetite  crystals  reported  in  this  paper  fall  within  the 
magnetic  singlc-uomain  size  range  predicted  by  Butler  &  Bancrjee  (1975).  This 
range  represents  the  most  magnetically  effieient  particle  sizes.  The  low  width: 
length  axial  ratio  (0.25-0.3  for  mature  crystals)  and  corresponding  shape  aniso¬ 
tropy  enables  magnetic  single-domain  particles  to  be  formed  with  lengths  up  to 
135  nm.  in  contrast  to  isotropic  bacterial  magnetites,  which  are  limited  to  a 
maximum  length  of  80  nm  before  the  crystals  adopt  multidomain  magnetic 
structures.  Because  all  the  bacterial  magnetosomes  studied  to  date  fall  within  the 
magnetic  single-domain  size  range,  it  appears  that  the  biological  organization  and 
regulation  of  magnetite  synthesis  in  bacteria  are  specifically  related  to  functional 
properties  of  the  magnetotactic  response. 

Many  of  the  ani.sotropic  crystals  are  surrounded  by  an  electron-dense  organic 
envelope.  Similar  substructures  have  been  observed  in  other  magnetotactic  bac¬ 
teria  (Tou  e  &  Moench  1981 ;  Balkwill  et  al.  1980;  Y.  A.  Gorby  &  R.  P.  Blakemore. 
unpublished  results)  and  it  .seems  most  probable  that  such  a  boundary  plays  an 
important  spatial  and  chemical  role  in  magnetite  biomineralization  (Mann  1985). 
However,  although  this  feature  is  considered  to  be  common  to  all  magnctotactic 
bacteria,  the  precise  crystallochemical  processes  which  are  biologically  mediated 
within  the  organic  boundary  appear  to  be  species-specific,  resulting  in  a  variety  of 
crystal  sizes  and  inorjthologies. 

Recent  reiKirts  (Peterson  et  al.  1986 ;  Stolz  et  al.  1986)  have  implicated  bacterial 
magnetite  as  a  major  source  of  stable  remanent  magnetism  in  marine  sediments. 

'  I  ptmi  =  I  ergti  '  =  Mr’. IT  ' 
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Many  of  the  crystals  observed  were  cuboidal  and  rectanjiular  in  iirojectioii,  nior- 
phologies  which  are  characteristic  of  bacteria!  magnetite  (Mann  ft  (it.  1984)).  h)  l>ut 
which  have  similar  abiogcnic  counterparts.  However,  the  ob.servation  of  Imllct- 
sha[)ed  particles  in  these  sediments  indicates  with  certainty  a  biogenic  contii- 
bution  to  the  palaeomagnetic  record.  Tlie  identification  of  similar  jiarticlcs  in 
e.xtant  bacteria  as  magnetite  confirms  the  interpretation  of  magnetic  (■ocr<  i\  ity 
spectra  of  marine  sediments  and  unequivocally  establishes  the  |)rescnce  of  bac¬ 
terial  magnetite  in  marine  .sediments.  The  unique  mori)hology  of  such  crvstals 
should  be  a  valuable  marker  in  palaeontology  and  {)alaeomagnctic  stiidii’s. 

The  magnetotactic  bacteria  described  in  this  paper  have  the  inherent  ability  to 
synthesize  a  mineral  with  an  isotropic  crystallographic  symmetry  in  the  form  of 
anisotro[)ic  particles.  This  observation  is  intriguing  in  terms  of  the  crystallization 
procc.s.ses  whii  h  must  be  mediated  by  the  cell  to  provide  this  unusual  ])henonU'non. 
The  elucidation  of  the  nucleation  and  crystal-growth  j)roperties  ofthe.se  crvstals 
has  been  studied  by  high-rcsolution  transmi.ssion  electron  inicrosco])y  and  is 
reported  elsewhere  (Mann  et  at.  1987). 

We  thank  Dr  R.  G.  Board,  University  of  Bath,  for  comments  on  reading  the 
manuscript,  and  X.  A.  Blakcmore  for  providing  samples  of  the  organism. 
Financial  support  for  electron-microscopy  facilities  and  for  X.H.C.S.  was  frf)m 
SERC.  R.P.B.  was  supported  by  XSF  grant  DMB  85-15540  and  I'.  .S.  Xaval 
Research  contract  no.  0014-85-K-0502. 
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[Plates  1—1) 

Bacterial  magnetite  particles  of  anisotropic  morphology  have  been 
studied  by  high-resolution  transmission  electron  microscopy.  Lattice 
images  of  individual  crystals  are  consistent  with  a  well-ordered  magnetite 
cubic  inverse  spinel  structure.  The  idealized  morphology  of  the  biogenic 
crystals  is  based  on  an  elongated  cubo-octahedral  form  comprising  a 
hexagonal  prism  of  {1 1 1}  and  {100}  faces  capped  by  (ill)  and  (111)  faces 
with  associated  {111}  and  {100}  truncations.  Analysis  of  many  particles 
of  diverse  size  suggests  that  crystal  growth  takes  place  in  two  stages.  The 
first  stage  is  associated  with  the  formation  of  well-ordered,  isotropic, 
single-domain  crystals  of  cubo-octahedral  morphology.  In  this  stage  the 
crystal  length  and  width  develop  concurrently  up  to  a  size  of  20  nm.  The 
second  stage  involves  the  anisotropic  growth  of  the  isotropic  particles 
along  the  [112]  direction,  A  crystal  growth  mechanism  is  postulated 
v*!i:..h  involves  the  specific  nucleation  of  the  (ill)  face  on  a  surrounding 
organic  membrane.  Unidirectional  growth  then  occurs  by  selective  sup¬ 
pression  of  certain  crystallographic  axes  through  spatial  and  chemical 
constraints  induced  by  the  adjacent  organic  boundary'. 

Introduction 

The  bioprecipitation  of  intracellular  magnetic  materials,  such  as  the  mixed- 
valence  iron  oxide  magnetite  (FcjO,)  within  magnetotactic  bacteria,  appears  to 
involve  highly  reproducible  and  species-dependent  crystallochemical  proces.ses 
and  illustrates  the  molecular  specificity  inherent  in  many  biomineralization 
reactions.  The  elucidation  of  crystal  growth  mechanisms  within  biological 
environments  is  therefore  not  only  relevant  in  the  advancement  of  our  under¬ 
standing  of  the  biological  mediation  of  inorganic  solid-state  reactions  but  is  also  of 
potential  significance  in  the  wider  field  of  crystal  growth  technology  and  materials 
.science.  In  a  recent  paper  (Mann  et  al.  1987)  we  reported  the  ultrastructurc  and 
characterization  of  elongated  bullet-shaped  magnetite  inclusions  (magnetosomes) 
formed  within  ovoid  magnetotactic  bacteria  isolated  from  sediment  and  water 
taken  from  the  Exeter  River,  New  Hampshire,  U.S.A.  The  particles  are  formed  in 
one  or  more  chains,  each  situated  in  three  lateral  positions  in  the  cell.  This 
organization  of  the  magnetosomes  results  in  a  permanent  magnetic  moment's 
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being  imparted  to  the  cell  such  that  the  organism  orientates  in  the  gi'omagnctic 
field  as  described  for  other  magnetotaetic  bacteria  (Frankcl  1^841. 

The  anisotropic  nature  of  the  magnetite  crystals  synthesized  by  these  l)acteria 
is  of  particular  interest.  Magnetite  has  an  inverse  spinel  structure  basi'd  on  a  cubic 
close-packccl  arrangement  of  oxygen  atoms  with  Ke"  atoms  in  octahedral  sites  ami 
Fe'"  atoms  ecjually  distributed  between  both  tetralu-dial  and  octahidr.'  inter¬ 
stices.  The  I'libic  symmetry  of  this  structural  arrangement  (sj)ace  group  Fd?,m. 
a  =  8.396  At)  is  exhibited  in  the  isotropic  nature  of  the  ervstal  hal>it.  N\ith  the 
common  inorganic  forms  being  based  on  octohedral.  rhombododecahcdral  anil 
cubic  geometries.  Bacterial  magnetites,  in  contrast,  have  species-specific  mor¬ 
phologies;  to  date,  crystals  with  cubo-octahedral  (Mann  ft  (il.  19841;).  and 
hexagonal  (Mann  rt  nl.  :  Matsuda  c/  «/.  1983)  habits  ha\’e  been  detei  niineil. 

The  anisotropic  magnetite  particles  describ<‘d  in  this  paper  repi’cscnt  a  highly 
unusual  morphological  form  which  is  generated  from  crystals  of  inhenmt  isotropic 
symmetry.  Our  interest  lies  primarily  with  the  elucidation  of  the  crystal  growth 
mechanisms  of  these  biogenic  particles,  because  an  understanding  of  the  [iroce.s.ses 
of  biological  mediation  is  important  in  the  replication  of  similar  crystal  mor¬ 
phologies  in  inorganic  .systems  involving  catalytic  or  magnetic  applications. 

Here  we  report  the  crystallochemical  nature  of  anisotropic  magnetite  crystals 
isolated  from  magnetotactic  bacteria  as  detcrmineii  from  high-resolution  trans¬ 
mission  electron  microscopy  (hrtem).  Our  aim  has  been  to  determine  the 
structural  perfection,  morphology  and  processes  of  crystal  nucleation  and  grow  th 
of  these  crystals  within  a  biological  environment.  The  results  arc  discussed  in  licht 
of  previous  HRTEM  studies  of  other  magnetota-  tic  bacteria,  and  a  general 
rationalization  of  magneto.somc  crystal  development  in  bacteria  is  presented. 

Materials  and  methods 

Magnetotaetic  bacteria  containing  anisotropic  magnetite  inclusions  were  iso¬ 
lated  from  samples  of  sediment  and  water  taken  from  the  Exeter  River,  New 
Hampshire.  U.S.A.  as  reported  previously  (Mann  e(  al.  19S7).  Intact  iinstai;ied 
magnetotaetic  bacteria  were  air-dried  onto  nitrocellulose  em  cred.  carbon-coated 
2.3  mm  and  3.05  mm  copper  electron  microscope  grids,  as  described  previously 
(Mann  e/  al.  1987).  L'nfortunately,  intact  cells  were  too  thick  for  successful  in  situ 
lattice  imaging  of  the  inclusions;  therefore,  isolated  crystals  were  studied  after 
digestion  of  the  air-dried  cells  with  5%  (by  mass)  sodium  hypochlorite  follow  ed 
by  washing  with  distilled  water.  The  electron  microscopes  used  were  a  Jeol  200(  'X 
■lectron  microscope,  fitted  with  a  high-brightness  LaB,  cathode,  and  a  .Icol 
2000FX  electron  microscope  fitted  with  a  tungsten  filament.  All  experiments  wi  re 
carried  out  at  200  ke\'  w  ith  objective  apertures  of  40  and  80  gm.  capable  of  2  5  and 
2.8  A  point-to-point  rc.-*olutions  resf)ectively. 

t  I  .A  =  10"’  m  =  in-'  nm 
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Results 

(a)  Crystallographic  properties  of  mature  crystals 

Lattice  images  of  individual  crystals  showed  fringe  sf)acings  corresponding  to 
{111}.  {222},  {200}.  {211}  and  {220}  lattice  planes  of  magnetite;  d  spacings  and 
angles  between  fringes  viewed  along  the  same  crystal  f)rojection  were  consistent 
with  the  cubic  space  group  of  magnetite  (figure  1).  ('omputational  calculations  of 
the  projected  charge  density  (Skarnulis  1979)  for  a  stoichiometric  magnetite 
structure  under  conditions  of  known  crystal  thickness  and  defocus  matched  the 
experimental  images  obtained  from  the  electron  microscope  (figure  1,  plate  1). 
Lattice  fringes  were  well-defined,  continuous  and  regularly  spaced  throughout  the 
mature  particles;  these  characteristics  indicated  that  the  particles  were  single¬ 
domain  crystallites  of  high  perfection  (figure  2.  plate  1).  No  evidence  was  obtained 
for  the  pre.sence  of  extensive  structural  defects  or  for  twin  or  intergrowth  bound¬ 
aries.  Many  crystals  imaged  along  [HO]  showed  a  high  degree  of  order  on  the 
(111)  and  (iii)  edges  (see  below  for  morphological  indexing)  such  that  surface 
steps  in  these  planes  could  be  clearly  revealed  (figure  4.  plate  3). 

The  identification  of  different  sets  of  lattice  spacings  and  their  corresponding 
angular  relations  w  ithin  a  given  zone  projection  enabled  an  idealized  morphology 
of  the  crystallites  to  be  determined.  In  the  [110]  projection  the  particles  show-ed 
a  characteristic  flattened  ‘top’  end.  which  ran  parallel  to  the  (ill)  fringes  of  the 
image,  thereby  identifying  the  corresponding  face  of  this  edge  as  (ill)  (figure  3, 
plate  2).  Similarly,  the  approximately  parallel  long  edges  of  the  crystals  viewed 
along  [1  iO]  were  identified  as  well-ordered  (111)  and  (1  ii)  faces  (figure  3).  Although 
other  crystal  faces  lying  parallel  to  [liO]  were  not  so  readily  identified,  the  (001) 
face  was  occasionally  observed  running  at  an  angle  of  125'  to  the  top  end  (iil) 
face.  In  other  projections  the  (200)  fringes  were  imaged  running  parallel  to  the 
crystal  long  axis,  forming  well-defined  edges  along  this  direction  (figure  2).  These 
results  can  be  rationalized  in  terms  of  an  idealized  three-dimensional  morphology 
based  on  a  cubo-cctahedral  habit  with  extensive  elongation  of  four  of  the  eight 
{111}  faces  and  two  of  the  six  {100}  faces  (figure  5).  The  resulting  crystal  mor¬ 
phology  is  a  hexagonal  prism  of  elongated  {111}  and  {100}  faces  capped  by  (111) 
and  (111)  faces  with  associated  {111}  and  {100}  truncations.  The  hexagonal  cross 
section  of  the  crystals  has  been  observed  by  transmission  electron  microscopy  of 
thin-sectioned  cells  (Mann  et  al.  1987). 

The  representation  shown  in  figure  5  has  been  indexed  according  to  a  cubic 
crystal  system  and  the  ‘top’  end  face  has  been  arbitarily  assigned  the  index  (Hi). 
Figure  5  also  shows  the  [liO]  zone  axis,  w'-ich  lies  perpendicular  to  the  line  of 
intersection  of  the  (ill)  and  (1 1 1)  planes.  The  corresponding  projection  along  [110] 
is  drawn  in  figure  6.  The  long  axis  of  the  crystal  which  lies  perpendicular  to  the 
[111]  vector  is  identified  as  [112]. 

VVe  emphasize  again  that  figure  5  is  a  representation  of  an  idealized  crystal¬ 
lographic  morphology  for  the  bacterial-cell  magnetite  inclusions.  It  does  not 
depict  the  fact  that  most  mature  crystals  had  irregular  edges  and  tapered  in  width 
toward  their  basal  end.  However,  the  top  (Hi)  and  side  (111)  and  (HI)  edges 
(imaged  in  the  [  110]  zone),  particularly  towards  the  basal  end  of  the  crystals,  often 
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Fiocre  5.  Idealized  crystal  morphology  for  anisotropic  magnetite  crystals.  Back  faces  are 
delineated  by  dashed  lines  and  identified  by  underlined  indites.  (See  te.xt  for  details.) 


showed  charactcristicalJy  well-defined  faces  (figure  3).  In  some  crystals  the  above 
faces  were  well  formed  but  were  interconnected  within  particles  showing  kink.s  or 
curvature  in  their  growth  form  (figure  7.  plate  3). 

(6)  Crystal  nucleation  and  growth 

The  nucleation  and  anisotropic  growth  of  the  above  magnetite  crystals  have 
been  elucidated  f:  i  lattice  imaging  studies  of  immature  crystals  and  dimensional 
analysis  of  crystai.s  at- different  stages  of  development.  Measurements  of  crystal 
length  and  maximum  width  at  different  stages  of  growth  (figure  8)  showed  that  the 
crystals  develop  initially  with  concurrent  increases  in  width  and  length  up  to  a  size 


Description  of  plates  1  and  2 

Figure  1.  hrtem  micrograph  of  an  individual  anisotropic  bacterial  magnetite  crystal.  The 
enlarged  image  is  of  the  ( I  lO]  zone  of  magnetite.  Lattice  spacings  corresponding  to  the  1 1  1 1) 
(4.85  A).  (I'll  (4.85  A)  and  (002)  (4.2  A)  planes,  oriented  at  1 10°  and  125°  to  each  other 
respectively,  are  shown.  Inset  shows  a  calculated  image  of  the  projected  charge  potential 
at  a  defocus  value  of  —05  nm  for  a  crystal  of  thickness  12  nm.  Neale  bar  1)  nni 
Figure  2.  Lattice  image  of  an  individual  magnetite  single  crystal  showing  (200)  planes  runninc 
parallel  to  the  long  axis  of  the  crystal.  Note  the  flattened  top  end  of  the  crystal  and  the 
regularity  and  continuity  of  the  lattice  planes.  .Neale  bar  lU  nin 
Figure  3.  Individual  ani.sotropic  .single  cry.stal  of  bacterial  magnetite  imaced  along  fllOJ 
Lattice  fringes  imaged  are  the  same  as  for  figure  I .  The  top  edge  corresjionds  to  the  (ill) 
face  and  the  well-formed  side  edges  are  the  (111)  and  (111)  faces  respectively  ,Nee  fitturt'.s 
5  and  0  for  diagrammatical  reiire.sentations.  Scale  bar  10  nni. 
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Figure  6.  Projection  of  the  idealized  morphologj’  for  bacterial  magnetite  crystals  along  the 
[liO]  projection.  The  long  axis  of  the  crystal  corresponds  to  [ll'ij. 


of  20  nm,  after  which  the  length  of  the  crystals  increases  at  a  greater  rate  than  the 
width.  For  particles  greater  than  50  nm  in  length  there  was  no  corresponding 
further  increase  in  particle  width  with  increase  in  length.  Widths  at  this  stage  had 
a  constant  spread  of  values  between  30  and  40  nm.  The  immature  crystals  are 
therefore  formed  as  isotropic  particles  (width; length  ratio  =  1.0)  up  to  a  size  of 
20  nm.  after  which  the  width: length  ratio  continually  decreases  to  values  in  the 
range  0.25-0.3  for  mature  particles.  In  accordance  with  these  data  the  represen¬ 
tation  of  the  measured  lengths  and  widths  of  mature  crystals  plotted  as  a 
histogram  (Mann  el  al.  1987)  clearly  indicate  that  the  widths  of  the  mature 
particles  are  dimensionally  constrained  whereas  the  lengths  may  be  within  a  wide 
range  of  values  (65-135  nm). 

Dimensional  analysis  was  also  used  to  determine  the  growth  characteristics  of 
mature  particles  exhibiting  kinking  in  their  crystal  habit.  Mesisurements  were 


Description  of  plates  3  and  4 

Figure  4.  Enlarged  lattice  image  of  the  (Hi)  edge  of  the  crystal  shown  in  figure  3.  The  edge  is 
atomically  flat  in  the  basal  region  of  the  crystal  except  for  a  surface  step  of  height  4,85  A 
(arrow).  In  contrast,  the  top  area  of  the  particle  has  an  irregular  (111)  edge.  Scale  bar 
4  nm. 

Figure  Lattice  image  of  a  bacterial  crystal,  imaged  along  [1  lOJ  and  showing  curvature  in  the 
growth  morphology.  Lattice  fringes  correspond  to  the  (ill).  (lU)  and  (002)  planes  (see 
figure  1  for  details).  The  particle  is  a  well-ordered  single  crystal  with  the  characteristic  (ill) 
top  face.  In  this  crystal  the  development  of  the  side  (Ill)  and  (ill)  faces  appears  to  be 
inhibited ;  in  con.sequence.  the  top  (001)  face  is  well  developed  (arrow).  Scale  bar  10  nm. 

Figure  10.  Lattice  image  of  an  immature  bacterial  magnetite  crystal  of  isotropic  dimension. 
Lattice  fringes  correspond  to  (330)  (4,44  .A)  planes.  (These  planes,  although  systematically 
absent  occur  due  to  double  diffraction).  Crystal  edges  are  inde.xed  with  angles  corresponding 
to  the  [01  ij  projection  Scale  bar  4  nm. 

Figure  11.  Enlarged  lattice  image  of  the  basal  end  of  a  mature  crystal  showing  structural 
disorder  (arrows)  along  (220)  lattice  planes.  .Scale  bar  5  nm. 
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Fiol’rk  8.  Plot  of  crystal  length  against  crystal  width  for  crystals  at  different  stages  of 

development. 

made  of  the  width  of  the  top  (111)  face  and  the  length  from  this  face  to  the  kink 
position  and  kink: width  ratios  were  calculated  (figure  9).  Although  there  arc 
significant  errors  in  these  measurements,  owing  to  difficulties  in  determining  the 
exact  position  of  kinking  (for  example,  in  crystals  oriented  in  different  directions 
or  for  those  showing  curvature)  analysis  of  histograms  indicated  that  67%  of  the 
crystals  measured  had  width  ;  kink  length  ratios  in  the  range  0.96-1.46  Because 
the  width  of  mature  crystals  is  at  a  maximum  and  constrained  to  a  narrow  size 
range,  the  mean  value  of  1.21  for  this  ratio  suggests  that  kinking  in  many  crystals 
appears  to  be  associated  with  the  onset  of  anisotropic  development. 

Lattice  imaging  studies  confirmed  the  isotropic  nature  of  the  immature  crystals 
and  revealed  the  morphological  and  structural  characteristics  of  the  initial  mineral 
phase  deposited.  Figure  10  (plate  4)  shows  a  lattice  image  of  an  immature  isotropic 
particle  of  diameter  15  nm  (approximately  18  unit-cell  lengths).  Regular  (330) 
fringes  can  be  observed  traversing  the  particle;  this  observation  indicates  that  the 
crystal  is  well  defined  at  this  early  post-nuclcation  stage.  The  angles  between  this 
set  of  fringes  and  the  crystal  edges  correspond  to  a  particle  imaged  along  the  <  1 10> 
projection  such  that  the  well-defined  edges  show  n  in  figure  10  can  be  indexed.  The 
two  edges  orientated  at  110°  to  each  other  are  {111}  faces  running  perpendicular 
to  the  plane  of  the  micrograph.  A  small  (100)  face  can  also  be  identified  oriented 
at  125°  to  the  (111)  face  and  perpendicular  to  the  (330)  fringes.  A  (311)  face  lies 
at  ca.  80°  to  the  (ill)  face;  however,  this  high-index  face  was  not  often  seen  in 
other  micrographs.  The  results  indicate  that  the  early  particles  have  a  morphology 
es.sentially  based  on  a  cubo-octahedral  geometry. 

Particles  as  small  as  10  nm  were  successfully  imaged  as  well-ordered  cubo- 
octahedral  single-domain  crystals.  There  were  very  few  particles  below  this  size; 
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Figure  9.  Histogram  plot  of  the  kink:  width  ratio  for  mature  crystals. 

this  result  suggests  that  such  particles  may  have  been  dissolved  or  removed  from 
the  grid  during  the  hypochlorite  digestion  procedure.  Some  crystals  showed  outer 
regions  which  were  irregular  and  amorphous.  It  is  not  clear  whether  these  results 
arise  from  particles  oriented  with  a  slight  misalignment  with  respect  to  the 
electron  beam  or  from  real  non-crystalline  domains.  However,  no  extensive  regions 
of  amorphous  material  were  observed  within  these  particles,  in  contrast  with  the 
immature  magnetite  crystals  of  spirillum  cells  (Mann  et  at.  1984a)  in  which  non¬ 
crystalline  and  crystalline  regions  coexist  within  individual  particles. 

Figures  2-4  indicate  that  the  development  of  the  immature  crystals  proceeds 
such  that  the  structural  integrity  of  the  magnetite  particles  is  highly  maintained. 
The  very  few  inclusions  which  showed  evidence  for  structural  disorder  were 
mature  crystals  in  which  the  tapered  basal  end  of  the  crystal  was  ill  defined 
(figure  11,  plate  4).  In  such  cases,  lattice  fringes  did  not  run  to  the  edge  of  the 
particles  and  were  discontinuous  in  localized  internal  regions  of  the  mineral ;  these 
results  suggest  the  presence  of  amorphous  material  within  or  overlying  the  bulk 
magnetite  structure. 

Disccssiox 

Although  the  biological  organization  and  function  of  the  mineral  inclusions  of 
diverse  magnetotactic  bacteria  could  have  a  common  evolutionary  origin,  the 
crystallochemica!  processes  which  are  biologically  mediated  are  species-specific. 
The  formation  of  well-defined  crystals  of  magnetite  with  sizes  within  the  magnetic 
single-domain  range  is  ubiquitous  in  these  organisms.  However,  the  morphology, 
and  hence  the  interaction,  of  the  growing  crystal  and  its  local  environment  is 
variable.  In  this  respect  the  bacterial  crystals  reported  in  this  paper  show  unique 
characteristics.  The  inclusions  are  perfect  single-domain  crystals  of  magnetite 
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with  an  anisotropic  cubo-octahodral  morphology  extensively  elongated  along  the 
[1 12)  directit)n.  Although  several  i-rystals  are  huiger  than  100  nin  the  length  :  w  idth 
ratio  is  such  that  the  particles  still  fall  within  the  optimum  size  range  for  single¬ 
domain  remanent  magnetization.  The  well-defined  crystallograjihic  structure  of 
these  inclusions,  as  shovMi  by  hrte.m  lattice  imaging.  imi)lies  that  crystal  grow  th 
is  relatively  slow  and  under  biological  regulation. 

Although  only  four  magnetotactic  bacterial  specie^  have  been  studi’ d  to  date'  at 
the  nanometre  level  (Mann  ft  ol.  19840.6;  Matsuda  ei  al.  1983;  and  this  paper) 
there  are  two  common  morphological  relationships  which  are  becoming  a|)|)arent. 
Firstly,  throe  of  the  four  species  grow  crystals  with  elongated  he.xagonal  hanits.  In 
addition,  the  cuho-octahcdral  habit  exfiressed  in  the  spirillum.  A.  magnftolarlinoti 
can,  in  principle,  be  consitlercd  as  an  isotropic  hexagonal  habit.  Although  the  faces 
comprising  the  hexagonal  prisms  are  different  ({110}  in  eoci-oifi  cells  (Mann  rt  al. 
19846)  and  unidentified  cells  (Matsuda  et  al.  1983) ;  {111}  and  ( 100}  in  the  spirillum 
(Mann  et  al.  1984a)  and  in  the  cells  described  above)  the  adoption  of  this  common 
sixfold  symmetry  suggests  a  specific  relation  between  crystallographic  ilcvelcip- 
ment  and  the  enclosed  biological  environment  in  which  it  takes  place.  One  po.ssi- 
bility  is  that  the  spatial  organization  of  ion-transport  centres  on  the  .surrounding 
membrane  matches  a  sixfold  symmetry  such  that  the  flux  of  ions  to  the  crystal 
surface  is  highly  directional,  resulting  in  vectorial  crystal  growth  along  six 
equivalent  axes.  The  formation  of  different  faces  making  up  the  hexagonal  prism 
would  then  be  a  consequence  of  the  physicochemical  properties  of  the  bio- 
mineralization  environment,  such  as  the  level  of  supersaturation  and  the  presence 
of  organic  molecules  of  low  and  high  relative  molecular  mass  (Mann  1983). 

Secondly,  each  hexagonal  prism  of  the  four  species  studied  by  hrte.m  ha.s 
capped  faces  of  {111}  form.  The  adoption  of  this  morphological  arrangement  as  a 
common  feature  has  important  implications  in  the  magnctotactic  function  of  the 
organisms  and  the  nuclcation  and  growth  properties  of  these  biogenic  minerals. 
The  alignment  of  the  {111}  end  faces  perpendicular  to  the  primary  direction  of  cell 
mobility  (Mann  el  al.  19840,  1987;  Towe  &  Moench  1981)  maximizes  the  corre¬ 
spondence  between  the  easy  axis  of  magnetization  (the  [111]  direction)  and  the 
magnetic  moment  of  the  cell.  In  addition,  the  precise  cellular  organization  of  these 
faces  and  the  consequent  crystal  growth  direction  suggests  that  they  may  be  the 
nucleation  faces  expressed  through  some  stereochemical  relationship  with  ion¬ 
binding  sites  on  the  surrounding  membrane  surface.  The  magnetosomes  of 
A.  magnetolacticum  are  each  surrounded  by  a  membrane  with  characteristics 
of  a  protein-containing  lipid  bilayer  (Balkwill  et  al.  1980  .  V.  A.  Gorby  & 
R.  P.  Blakemore,  unpublished  results). 

It  is  interesting  to  speculate  on  the  possible  atomic  relationships  that  could 
exist  between  the  {111}  faces  of  magnetite  and  a  structured  protein  interface  such 
as  a  P  pleatcd  sheet,  which  is.  for  example,  a  major  constituent  of  the  monolayer 
gas  vesicles  of  aquatic  prokaryotes  (Walsby  1978).  There  are  two  types  of  cation 
arrangement,  which  alternate  through  the  magnetite  structure  between  adjacent 
(111}  close-packed  oxygen  sheets.  Both  arrangements  have  iron  atoms  positioned 
with  hexagonal  symmetry,  although  some  sites  are  vacant.  The  type  I  arrange¬ 
ment  has  three  out  of  four  octahedral  sites  occupied  and  an  Fe-Fe  distance  of 
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2.97  A  The  type  II  layer  hw  one  quarter  of  the  octahedral  interstices  and  one 
quarter  of  the  tetrahedral  sites  filled  with  an  Fe-Fe  distance  of  3.63  A.  In  contrast, 
fibrous  proteins  in  the  P-sheet  conformation  have  polypeptide  chains  separated  by 
4.7  A  and  a  repeat  along  the  polypeptide  chains  of  3.4  A  per  amino  acid  residue 
(Warwicker  i960).  Therefore,  a  priori,  there  is  the  possibility  of  a  close  atomic 
correspondence  in  one  dimension  between  the  iron  atoms  in  the  type  II  arrange¬ 
ment  on  the  magnetite  'lllj  faces  and  a  P  pleated  sheet  interface. 

The  crystal  growth  of  anisotropic  magnetite  in  the  magnetotactic  bacteria 
described  above  takes  place  in  two  stages.  The  first  stage  involves  the  development 
of  isotropic  magnetite  crystals,  of  cubo-octahcdral  morphology,  which  grow  to  a 
size  of  20  nm.  Crystals  of  similar  morphology  have  been  observed  in  the  growth  of 
inorganic  magnetite  from  aqueous  solutions  containing  5-10%  orthophosphate 
(Couling  &  Mann  1985).  The  second  stage  involves  anisotropic  growth  along  the 
[112]  direction,  resulting  in  three  of  the  {111}  and  { 100}  planes  becoming  elongated 
(figures  5  and  6).  Our  dimensional  anah’sis  (figures  8  and  9)  indicates  that  this 
stage  is  associated  with  a  spatial  constraint  in  the  development  of  the  width  of  the 
crystal  and,  in  some  crystals,  kinking  of  the  particles.  Both  stages  are  charac¬ 
terized  by  the  development  of  structurally  well-defined  magnetite  crystals.  No 
extensive  discontinuities,  such  as  intergrowth  boundaries,  were  observed.  Twin¬ 
ning  was  also  not  apparent  in  contrast  to  many  of  the  mature  crystals  formed  in 
the  magnetotactic  spirillum  ,•!.  nuignelotacticvm  (S.  Mann,  unpublished  data).  The 
top  (ill)  and  side  (111)  and  (Hi)  faces  are  particularly  well  established  towards 
the  base  of  the  crystal,  being  atomically  flat  except  for  the  presence  of  a  number 
of  surface  steps  In  contrast,  the  same  side  faces  towards  the  top  area  of  the 
particles  are  irregular.  This  observation  suggests  that  there  are  different  growth 
processes  occurring  in  different  regions  of  the  crystal;  this  in  turn  implies  that 
different  stages  of  crystal  development  are  associated  with  specific  growth 
mechanisms.  The  crystallographic  perfection  of  the  basal  faces  probably  arises 
from  the  slow  stepwise  addition  of  ions  at  the  crystal  surface,  whereas  the 
roughened  side  edges  in  the  top  region  of  the  particles  suggest  a  more  rapid  and 
uncontrolled  process  of  ion  flux  to  the  crystal  surface. 

The  two-stage  mechan'sm  resulting  in  anisotropic  crystal  development  can  be 
rationalized  in  terms  of  a  growth  process  which  involves  the  spatial  and  chemical 
control  of  bacterial  magnetite  deposition.  Equivalent  regulatory  factors  have  been 
described  for  magnetite  synthesis  in  coccoid  and  spirillum  cells  (Mann  1985).  Of 
primary  importance  is  the  presence  of  a  thin  organic  sheath  surrounding  the 
anisotropic  crystals  (Mann  et  al.  1987).  The  ultrastructure  and  organization  of  this 
compartment  can  then  act  as  a  limiting  boundary  for  crystal  development  such 
that  the  crystals  grow  to  fill  the  space  made  available  to  them.  This  results  in  a 
dimensional  constraint’s  being  placed  on  crystal  width,  whereas  particle  length  is 
less  restricted.  Kinking  and  curvature  in  crystal  habits  would  then  be  the  con¬ 
sequence  of  corresponding  deviations  in  the  shape  of  the  organic  compartment. 

However,  such  a  passive  role  for  the  membrane  would  not  explain  the  prefer¬ 
ential  crystallographic  alignment  of  the  crystals  within  an  elongated  biological 
compartment.  The  mature  crystals  are  characterized  by  a  flattened  top  face  (Hi) 
and  a  tapered,  often  rounded  basal  end.  It  is  difficult  to  envisage  a  crystal  growth 
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process  which  involves  the  development  of  each  crystal  from  a  central  origin  such 
that  the  particle  grows  in  one  direction  with  a  well-formed  (III)  face  and  at  the 
same  time  in  the  opposite  direction  with  an  ill-dcRne<l  face  of  the  .same  index. 
More  probable  is  a  process  involving  the  unidirectional  growth  of  the  crystals  from 
only  one  end.  The  well-defined  {Ill}  faces  e.xhibited  by  the  isotropic  immature 
crystals  indicate  that  the  top  flattened  end  of  the  crystals  is  the  first  end  to  dexelop 
and  that  anisotropic  gr' 'vth  of  the  particle  proceeds  from  the  (ill)  face  towards 
the  basal  end.  In  this  respect  the  (ill)  face  may  be  a  nucleation  face  on  the 
surrounding  membrane  wall  such  that  it  is  inhibited  from  further  growth.  Thus 
the  long  axis  of  growth  is  generated  not  from  this  face  but  from  the  sub.sctiuent 
ani.sotropic  development  of  the  stable  {III}  side  faces.  The  structural  irregularities 
observed  in  the  basal  region  of  the  crystals  (figure  11)  probably  rejuvsent  in¬ 
complete  crystallization  at  the  late  stages  of  mineralization. 

In  conclusion,  the  direct  imaging  of  bacterial  magnetite  cr\’stals  of  anisotrojuc 
morphology  provides  evidence  for  a  crystal  growth  process  involving  nucleation 
on  a  crystal  face  of  the  form  {111}  resulting  initially  in  the  development  of  isotropic 
cubo-octahedra  particles,  which  subsequently  grow  anisotropically  along  the  [112] 
direction  owing  to  spatial  and  chemical  constraints  generated  by  a  surrounding 
membrane  boundary.  Further  work  will  attempt  to  model  these  concepts  in 
inorganic  systems. 
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Intact  magnetosomes  of  .Aquaspirillum  magnetotacticum  were  puritied  from  broken  cells  b\  a  magnetic 
separation  technique.  Electron  microscopic  and  chemical  analyses  revealed  the  magnetite  to  be  enclosed  by  a 
lipid  bilayer  admixed  with  proteins.  Lipids  were  recovered  in  fractions  e.xpected  to  contain  til  neutral  lipids  and 
free  fatty  acids,  liii  glycolipids  and  sulfolipids,  and  (iii)  phospholipids  tin  a  weight  ratio  of  l:4:6i.  Phospholipids 
included  phosphatidyiserine  and  phosphatidylethanolamine.  Two  of  the  numerous  proteins  detected  in  the 
magnetosome  membrane  were  not  found  in  other  cell  membranes  or  soluble  fractions. 


The  permanent-magnetic  character  of  magnetotactic  bac¬ 
teria  (31  and  algae  (2?)  results  from  a  conspicuous  intracel¬ 
lular  structure  characterising  the  group,  the  magnetosome 
(1).  Those  magnetosomes  which  have  been  studied  are 
enveloped  single  crystals  of  the  iron  oxide  magnetite,  com¬ 
monly  arranged  in  one  or  more  linear  arrays  within  the 
cytoplasm  (7.  14.  17.  28).  Magnetite  crystal  morphology  may 
vary  among  species.  In  some  bacterial  species,  the  crystals 
are  truncated  hexagonal  prisms  as  revealed  by  crystal  lattice 
imaging  (17).  in  others  they  are  bullet  shaped  (3).  Those 
within  the  axenically  cultivable  species  Aquaspirillum  mag¬ 
netotacticum  ( 16)  are  truncated  octahedrons  ( 14)  which  lie  in 
a  single  helical  line  along  the  cell  axis  and  adjacent  to  the 
cytoplasmic  membrane.  The  structure  and  composition  of 
the  magnetosome  envelope  has  not  been  widely  studied, 
although  trilaminate  membrane  structures  have  occasionally 
been  observed  surrounding  magnetosomes  of  thin-sectioned 
magnetotactic  bacteria  collected  directly  from  mud  (2). 
Balkwill  et  al.  ill  considered  the  possibility  that  magnetite 
particles  of  ,A.  magnetotacticum  were  each  surrounded  by  a 
lipid  bilayer.  However,  because  of  the  high  electron  density 
of  the  magnetite  core,  it  was  not  possible  to  discern  the 
electron-opaque  inner  leaflet  expected  of  a  closely  apposed 
lipid  bilayer  in  these  stained  preparations.  We  applied  mag¬ 
netic  separation  methods  to  disrupted  cells  as  a  unique  and 
effective  means  of  purifying  magnetosomes  for  chemical  and 
structural  analyses,  and  from  these  magnetosomes  we  ob¬ 
tained  definitive  proof  of  an  attendant  bilayer  envelope. 

MATERIALS  AND  METHODS 

.Media  and  culture  conditions.  A.  magneta'  icticum  was 
grown  in  15-liter  batch  cultures  as  previously  -escribed  (4). 
The  chemically  defined  mineral  medium  contained  4  mM 
■NaNO,  and  lacked  organic  forms  of  nitrogen.  Iron,  at  a  final 
concentration  of  20  (x.M.  chelated  with  an  equimolar  concen¬ 
tration  of  quinic  acid,  was  added  to  autoclaved  and  cooled 
medium.  To  study  iron  limitation,  cells  were  transferred  at 
least  three  times  in  medium  from  which  iron  compounds 
were  omitted.  The  total  trace  iron  concentration  in  media  to 
which  no  iron  was  intentionally  added  was  less  than  1  ycM.  as 
determined  with  ferrozine  (26). 

Cells  concentrated  by  filtration  were  centrifuged  at  5,000 
x  V  for  10  min  at  4“C.  They  were  suspended  and  washed 
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three  times  in  buffer  A.  consisting  of  10  mM  .\-2-h>drov> - 
eihylpiperizine-.V'-2-ethanesulfonic  acid  buffer  ipH  '  4i  con¬ 
taining  10  yig  of  the  protease  inhibitor  pheny  Imethy  Isulfony  I 
fluoride  per  ml. 

Magnetosome  purification.  .Approximately  10'-  cells  sus¬ 
pended  in  30  ml  of  buffer  .A  were  disrupted  by  three  passes 
through  a  French  pressure  cell  at  18.000  lb  in',  DNase  i  50 
ligml).  RNase  (100  u-g  ml),  and  MgCl,  ilO  la.Mi  were  .idded 
to  the  disrupted  cells  and  meubated  for  60  min  at  23  C 
Disrupted  cells  in  a  centrifuge  tube  were  placed  in  the  gap  of 
a  large  (2  kG)  radar  magnet,  The  black  magnetic  fraciion 
accumulated  within  10  min  at  the  sides  o(  the  tube  nearest 
the  magnet.  The  nonmagnetic  fluid  fraction  was  removed  by 
aspiration,  and  the  magnetic  phase  was  suspended  in  lo*) 
limes  its  volume  of  bufl'er  .A.  This  procedure  was  repeated  at 
least  10  times.  The  partially  purified  magnetosome  fraction 
was  suspended  in  1(X)  limes  its  volume  of  buffer  ,A  containing 
1  M  NaCl.  The  salt  was  added  to  remove  adventitious 
electrostatically  associated  proteins.  Purified  magnetosomes 
were  washed  at  least  10  more  times  with  bufl'er  .A. 

Fractionation  of  nonmagnetic  subcellular  comj^ents.  The 
nonmagnetic  cell  fraction  was  separated  into  outei  mem¬ 
brane.  inner  membrane,  and  soluble  fractions  by  methods 
described  by  Schnaitman  (24).  Nonmagnetic  cellular  debris 
(approximately  30  ml  obtained  from  10'’  cells)  was  centri¬ 
fuged  at  500  X  y  for  15  min  at  4  C  to  remove  unbroken  cells. 
The  supernatant  fluid  was  centrifuged  (200.1XX)  '  e;  1  h.  4  C' i 
to  remove  membranes,  and  the  supernatant  fluid  from  this 
high-speed  centrifugation,  considered  to  contain  soluble 
proteins,  was  stored  on  ice.  The  brown  pellet,  containing 
outer  and  inner  membranes,  was  suspended  in  30  ml  of 
buffer  .A  containing  2'^}  (vofvol)  Triton  X-100  and  10  m.M 
MgCU.  The  solubilized  cytoplasmic  membrane  proteins 
were  precipitated  with  cold  95''r  ethanol  overnight  at  O'G  and 
collected  by  centrifugation  1500  x  y;  15  tnin.  4'C).  Fraction¬ 
ation  was  evaluated  by  assaying  specific  activity  of  succinic 
dehydrogenase,  an  inner  membrane  enzyme  (6).  and  by 
measuring  the  quantity  of  2-keto-3-deoxyoctonate.  a  constit¬ 
uent  of  outer  membrane  lipopolysaccharide  (20). 

Freeze-elching.  Cells  of  ,A.  magnetotacticum  MS-1  and  the 
nonmagnetic  mutant  strain  NM-l.A  were  flash  frozen  in 
Freon  22  kept  at  liquid  nitrogen  temperature.  Frozen  prep¬ 
arations  were  fractured  and  etched  for  10  s.  and  platinum- 
carbon  replicas  were  made  at  -  UX)  C  in  a  Balzers  B.A  360M 
freeze-etching  apparatus.  Magnetically  purified  magneio- 
somes  were  similarly  prepared.  Replicas  were  examined  at 
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60  kV  vAith  a  Philips  EM.’OO  or  EM4(I<)  ekviron  mii.rv>>copi; 
equipped  uiih  a  eoniomeier  'laee  under  ■'landard  irperaiini; 
condition'.. 

Thin  sections,  t.  cll'  errn^n  s\ith  or  uithuut  20  m.M  iron 
'•sere  rived  lor  1  ri  anh  elutaraldehvde  (voi  wilji.  tivl- 
lossed  hv  uashin-  .iiid  •  .ondarv  rivation  (or  vO  min  oith 
o^mlum  leirovidc  'I  '  siii|i  m  '0  m.M  cacodvlaie  hutier 
ipH  6  Ml  eoniainine  10  m.M  .McC'l..  Samples  were  dehvdraied 
in  ethanol,  t'ollowed  h\  props  lene  oxide,  and  embedded  in 
Epon  H12  or  Epon  .'<12- -\r.ilJue  Thin  sections  otsiamed  ssiih 
an  LKB  MMOO  Lltratome  III  ultramicrotome  srere  'tamed 
ss  iih  '  urans  1  acetate  and  0.4' ;  lead  citrate  i22i  and  s  lessed 
ssith  either  a  Hitachi  H600  or  a  Philips  EM400  STEM  at  SO 
k\  m  the  transmission  electron  microscops  mode. 

Eipid  analysis.  Lipids  ssere  extracted  t'rom  purified  mag- 
netosomes  with  chlorot'orm-methanol  as  described  by  Blieh 
and  Dser  i  .'i  and  puririi  1  by  the  Sephadex  bead  i  Pharmacia 
Fine  Chemicals.  Piscatawas  .  N  .J.i  method  of  Wurthier  (2*41. 
The  puriried  total  lipids  were  separated  into  three  tractions 
bs  an  acid-treated  Fiorisil  i Sigma  Chemical  Co..  St.  Louis. 
.Mo.)  column  i9).  The  tractions  were  expected  to  contain  iii 
neutral  lipids  and  Tree  t'attx  acids,  nil  glscolipid-.  sulfolipids. 
and  possibly  phosphatides.  and  liiii  phospholipids.  Each 
lipid  traction  was  dried  and  weighed. 

The  drs  phospholipid  fraction  .'as  dissohed  in  ()..'  ml  of 
chloroform-methanol  il:l  [sol  sol|i.  spotted  onto  a  glass 
thin-laser  chromatographs  plate  [20  bs  20  cm]  of  silica  gel. 
and  chromatographed  in  chloroform-methanol-water  (65: 
2.':4  [sol  soil).  Subsequentls .  the  plate  was  airdned.  rotated 
9()'.  and  chromatographed  in  the  second  dimension  with 
chloroform-methanol-"  N  ammonium  hydroxide  i60;.f.':.'' 
(sol  sol)).  The  deseloped  plate  was  completely  air  dried. 
Lipids  were  stained  with  iodine  sapors.  Each  spot  was 
scraped  from  the  thin-laser  chromatographs  plate  and  trans¬ 
ferred  to  a  Pasteur  pipette  plugged  with  glass  wool.  Phos- 
piiolipids  ssere  eluted  from  the  pipettes  w  ith  2  ml  of  chloro¬ 
form-methanol  il:l  (sol  soli),  followed  by  2  ml  of  absolute 
methanol.  Each  sample  ssas  collected  in  a  5-ml  glass  am¬ 
poule  and  esaporated  to  drs  ness  under  a  stream  of  nitrogen. 
The  residues  were  each  dissolsed  in  2  ml  of  1  N  HCI  and. 
after  sealing  of  the  ampoule,  heated  to  lOO'C  for  4  h.  Cooled 
ampoules  were  opened,  and  2  ml  of  redistilled  hexane  was 
addest.  The  mixture  was  vigorously  shaken  and  allowed  to 
separate,  and  the  aqueous  phase  svas  removed  and  lyophi- 
lized.  The  residues  ssere  dissols  ed  in  0.1  ml  of  distilled  water 
and  spotted  onto  Whatman  no.  1  chromatography  paper. 
The  chromatogram  was  developed  with  redistilled  phenol- 
absolute  ethanol-glacial  acetic  acid  <50:5:6  (sol'vol|).  air 
dried,  and  sprayed  with  ninhydrin  reagent,  which  stains 
serine  and  ethanolamine.  .^  duplicate  chromatogram  was 
sprayed  svith  Dragendorf  reagent  (9).  which  stains  choline 
and  dimethslethanolamine.  The  color  and  /?,  value  of  each 
unknow  n  sample  were  compared  to  those  of  lipid  standards. 

Gel  electrophoresis.  The  protein  concentration  of  each 
subcellular  fraction  was  determined  by  the  method  of  Lowry 
et  al.  (13).  .Magnetite,  liberated  from  organic  material  during 
the  Lowry  assay,  was  removed  by  centrifugation  before 
spectrophotometric  analysis  at  Proteins  (5  (jig)  from 
each  subcellular  fraction  were  separated  by  sodium  dodecyl 
sulfate-polyacrylamide  gel  electrophoresis  through  a  4''r 
stacking  gel  and  a  12*^  separating  gel  as  descnbed  by 
Laemmli  ( 10). 

Proteins  from  partially  purified  magneiosomes  and  non¬ 
magnetic  fractions  from  cells  of  strain  MS-1  were  separated 
by  two-dimensional  gel  electrophoresis.  Samples  (.TO  (xg  of 
protein  each)  were  separated  in  a  pH  gradient  ranging  from 
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3.,'  to  1(10  with  lube  gels  as  described  b\  O'F.irrell  i!4i.  \! 
16  h.  the  constant  voltage  i4()()  \' i  was  increased  t.'  MOO  \  tor 
an  additional  hour.  Each  tube  gel  wa^  rixed  wiih  1'  (  agarose 
to  the  top  of  a  sodium  dodecv  1  sulfate-polv  acrv  lamide  gel '  ID 
to  20' '  linear  gradient  of  acrv  laniide.r  Proteins  were  'ep.i- 
rated  in  the  second  dimension  of  consiant  curreni  li.'  ni.\i 
for  V)  h.  The  geU  were  .stained  with  'dver  as  described  hv 
Oaklev  et  al.  i  ISi. 

RESILTS 

.Magnelosome  purification.  .Magneiosomes  vv ithin  A  niue- 
iH'i.iiiH  IK  mil  cell'  were  .ilways  arranged  in  a  linear  arrav  m 
the  manner  described  bv  Balkwill  et  al.  1 1).  I  hev  appeared  to 
be  enveloped  and  were  separated  from  one  another  bv  a 
distance  iif  about  9.1)  nm.  The  interpariicie  spacing  de- 
crea'cd  to  about  6.8  nm  in  crude  preparations  of  magneu  - 
somes.  although  particles  remained  attached  ^nd  to  end  .md 
were  still  enveloped  iFig.  l.Ai.  .After  NaCI  treatment  and 
extensive  washing,  magnetose'mes  appeared  free  of  contam- 
inaiing  cellular  components.  However,  each  particle  re¬ 
mained  enveloped  and  separated  from  adjacent  particles  bv 
a  distance  of  5.0  nm  iFig.  IB).  Puriried  magneiosomes  did 
not  exhibit  succinic  dehydrogenase  activity  or  contain  2- 
keto-3-deoxyoctonic  acid.  Sodium  dodecyl  sulfate  detergent 
or  Triton  X-lOO  treatment,  which  dissolves  lipid  bilayers. 
removed  ihe  enveloping  material,  destroyed  the  linear  ar¬ 
rangement  of  the  electron-dense  panicles,  and  allowed  them 
to  clump  with  virtually  no  inierparticie  spacing' Fig,  ICi. 

Freeze-etching.  In  frozen  and  etched  preparations  of  mag¬ 
netic  cells  of  strain  MS-1  iFig.  2Ai.  intact  magneiosomes 
appeared  as  convex  protimsions  iVTvii.  Cup-shaped  depres¬ 
sions  with  raised  rims  (MM)  were  interpreted  to  be  regions 
through  vvhich  the  fracture  plane  had  passed  with  removal  of 
magnetite  cores.  The  raised  edges  making  up  the  nm  were 
attributed  to  a  magnetosome  envelope  differing  in  composi¬ 
tion  and  structure  from  adjacent  cytoplasm,  A  number  of 
representative  fracture  surfaces  associated  with  magneto- 
somes  within  strain  .MS-1  cells  are  shown  in  Fig.  2B.  The 
results  are  those  expected  if  a  lipid  bilayer  were  present 
around  each  magnetite  crystal.  Some  fractures  appeari^  to 
expose  the  external  surfaces  of  intact  magneiosomes  iMMi 
In  other  cases,  the  magnetite  crystal  appeared  to  have  been 
extracted  (as  revealed  by  characteristic  raised  rims),  and  the 
internal  surface  of  the  magnetosome-enveloping  layer  i  N«l) 
was  evident.  Occasionally,  the  fracture  appeared  to  have 
penetrated  the  magnetosome  envelope  without  removal  of 
the  mineral  core,  thereby  exposing  a  surface  which  was 
either  the  magnetite  core  or  the  external  fa«  of  the  internal 
leaflet  of  the  magnetosome  envelope  iMMFi,  The  latter 
would  be  possible  only  if  the  boundary  were  a  lipid  bilayer 
which  fractured  internally  along  its  hydrophobic  region. 

Frozen  and  etched  magneiosomes.  isolated  from  cells, 
displayed  these  same  ,  ructural  features.  When  the  align¬ 
ment  of  magneiosomes  to  the  fracture  angle  was  correct,  the 
particles  appeared  to  be  arranged  in  linear  arrays  (Fig.  ?i. 
Replicas  of  magnetosomes  treated  with  detergent  to  remove 
enveloping  layers  (data  not  shown)  did  not  exhibit  fractures 
characteristic  of  intact  magnetosomes. 

Frozen  and  etched  cells  of  a  nonmagnetic  mutant  strain 
lacked  features  associated  with  magnetite  cores  or  associ¬ 
ated  enveloping  layers  (Fig.  4).  although  fracture  surfaces 
associated  with  the  inner  and  outer  membranes  appeared 
similar  to  those  of  other  gram-negative  bacteria.  Fracture 
surfaces  associated  with  external  wall  layers,  such  as  cap¬ 
sules  or  surface  arrays,  were  not  observed  with  either  the 
magnetic  or  the  nonmagnetic  strain. 
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FIG.  1.  Electron  microccopic  evaluation  of  magnetosome  puntv  i.Ai  Magneiosomec  liberated  from  celK  after  three  passages  through  a 
French  pressure  cell  Particles,  separated  by  a  distance  of  6,8  nm.  remain  in  chains  Note  the  contaminating  cellular  debris  (Bi  Purified 
magnetosomes  after  treatment  with  1  M  NaCI  and  extensive  washing  Inierparlicle  spacing  has  decreased  to  ?  li  nm.  set  magnetosomes 
remain  in  chains  Note  the  covering  around  each  particle  and  the  luck  of  contaminating  cellular  debris  iGi  Magnetosomes  after  treatment  ss  nh 
sodium  dodecsl  sulfate  Enveloping  material  has  been  removed,  and  particles  are  randomly  oriented  Bar.  ’.‘'0  nm 


Thin  sections.  .Magnetosomes  within  cells  cultured  in  me¬ 
dium  containing  20  ti.M  iron  i  Fig.  5)  appeared  in  thin  sections 
as  electron-dense  crystalline  iron  cores,  each  enveloped  by  a 
l.''-nm-thick.  electron-transparent  layer  and  a  2.0-nm  elec¬ 
tron-dense  laser.  These  results  were  comparable  to  those  of 
Balkwill  et  al.  ill.  Stereo  views  of  our  thin  sections  mot 
shown  I  offered  additional  evidence  of  the  bilayer  nature  of 


this  envelope  and  suggested  that  it  vvas  not  merely  an 
electron  phase  artifact. 

Magnetic  cells  cultured  with  no  added  iron  contained 
some  typical  magnetosomes  iFig.  6.-\).  In  addi'ion.  however, 
numerous  40-nm-diameter  membranous  vesicles  were 
present.  These  vesicles  lacked  electron-dense  cores  and 
were  adjacent  to  one  another  along  the  long  axis  of  the  cell 
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Flo.  Freeze-etch  preparations  of  magnetic  cells  of  strain  MS-1.  lA)  An  intact  magnetosome  appears  conve.v.  with  the  magnetosome 
membrane  surface  i\TMi  exposed,  whereas  a  magnetosome  from  which  the  iron  core  has  been  removed  by  the  fracture  appears  concave, 
resealing  the  inside  of  the  membrane  Poly-B-hydroxybutyrate.  PHB;  cytoplasm,  cyl.  iBi  The  fracture  has  penetrated  the  magnetosome 
membrane  and  exposed  what  appears  as  either  the  face  of  the  magnetite  particles  or  the  convex  fracture  ot  the  inner  leaflet  ot  the 
magnetosome  membrane  iMMFi  The  circled  arrow  indicates  the  direction  of  the  shadow.  Bar.  250  nm. 


in  the  position  normally  occupied  by  intact  magnetosomes 
within  cells  cultured  with  iron.  Each  "empty  "  membrane 
vesicle  consisted  of  two  l.7-nm-thick.  electron-dense  layers 
separated  by  a  2.2-nm-thick  electron-transparent  layer  as 
characteristic  of  a  lipid  bilayer  unit  membrane  (23).  Some¬ 
times  these  vesicles  were  not  filled  with  crystalline  magne¬ 
tite.  Instead  las  determined  from  energy-dispersive  X-ray 
analysis  and  selected-area  electron  diffraction),  they  con¬ 
tained  amorphous  iron  (Fig.  6B)  which  was  presumably  a 
derivative  of  poly  ferric  hydroxide. 

Lipid  analysis.  .Vlagnetically  separated  and  washed  mag¬ 
netosomes  from  25  g  of  wet-packed  cells  yielded  25  mg  of 
purified  lipids  and  150  mg  of  purified  magnetite.  Lipids 
associated  with  this  magnetosome  fraction  included  (i)  neu¬ 
tral  lipids  and  free  fatty  acids  making  up  89F  of  total  lipids  by 
weight,  (lii  a  fraction  expected  to  contain  glycolipids.  sulfo- 
lipids.  and  phosphatides  making  up  30*^  of  total  lipids  by 
weight,  and  iiii)  phospholipids  making  up  62*^  of  total  lipids 
by  weight.  The  neutral  and  free  fatty  acids  were  not  identi¬ 
fied.  nor  were  the  components  of  the  glycolipid  fraction.  The 
phospholipids  included  phosphatidylethanolamine  and  phos- 
phatidvlserine.  as  determined  by  thin-layer  chromatography. 

Gel  electrophoresis.  Proteins  of  the  cell  outer  and  inner 
membranes  and  of  the  soluble  cell  fraction  were  compared 
with  those  associated  with  the  purified  magnetosome  frac¬ 
tion  (Fig.  ''  The  outer  membrane  protein  profile  of  this 


FIG.  3.  Freeze-etch  preparation  of  purified  magnetosomes.  Note 
the  chain  formation  of  charactenstic  fracture  surfaces. Abbrevia¬ 
tions:  outer  surface  of  the  magnetosome  membrane,  MM;  inside 
surface  of  the  magnetosome  membrane.  M\l:  either  the  face  of  the 
magnetite  particle  or  the  convex  fracture  of  the  inner  leaflet  ot  the 
magnetosome  membrane.  M^F  The  circled  arrow  indicates  the 
direction  of  the  shadow  Bar,  100  nm 
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FIG.  4.  Freeze-etch  preparation  of  nonmagnetic  mutant  strain  Note  the  lack  ^magnetic  particles.  Abbreviations:  inner  •'urface 

of  the  outer  membrane.  (3^;  convex  fracture  of  the  inner  leaflet  of  the  inner  membrane.  IMF:  polv-|J-hv(Jroxvbutyraie.  PHB;  crosv-fraciure 
of  a  PHB  particle.  PHBcf.  The  circled  arrou.  indicates  the  direction  of  the  shadow.  Bur.  250  nm. 


organi'sin  was  similar  to  that  described  by  Paoletti  and  and  either  the  outer  or  inner  membrane,  but  the  intensities  of 
Blakemore  (21).  Several  proteins  of  identical  molecular  the  sodium  dodecyl  sulfate-polyacrx  lamide  gel  electrophore- 
masses  were  shared  between  the  magnetosome  membrane  sis  bands  differed,  reflecting  concentration  differences.  Two 


FIG.  Thin  section  of  a  magnetic  cell.  .Abbres lutions.  outer  membrane.  O.M.  inner  membrane.  IM.  magneiosome  membrane.  MM. 
magnetite.  .M.  Bar.  IIX)  nm. 
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FIG.  h.  Thin  sections  oC  cells  cultured  under  iron  limitation.  i.Ai  .Note  the  triiaminaie  structure  of  the  membranous  vesicles  iMV  i.  uhich 
lie  along  the  same  avis  as  complete  magneiosomes.  Bar.  nm.  iB)  Note  the  small  electron-dense  deposits  of  amorphous  iron  vmhin  the 
membranous  vesicles 


proteins,  wiih  apparent  molecular  masses  of  15.000  ami 
.'.x.OOO  daltons.  appeared  to  be  restricted  to  the  magneto- 
some  membrane  fraction. 

Characteristic  magneiosome  protein  profiles  obtained  af¬ 
ter  two-dimensional  gel  electrophoresis  are  shown  in  Fig.  8. 
Two  abundant  anodicalK  migrating  proteins,  with  apparent 
molecular  masses  of  l.'  .'OO  and  lb.. >00  daltons.  were  present 
onl\  in  the  magnetos,  me  fraction.  In  concert,  the  one-  and 
two-dimensional  gels  -nowed  the  magnetosome  membrane 
lo  be  distinct  from  the  other  outer  and  inner  cell  membranes. 


DISCUSSION 

Previous  studies  ll.  2)  provided  suggestive  evidence  fora 
lipid  bilaver  envelope  surrounding  the  bacterial  magneto- 
some.  However,  conclusive  evidence  has  been  lacking  be¬ 
cause  of  the  difficulty  in  interpreting  thin  sections  and  the 
absence  of  data  on  purified  magnetosomes.  We  extended 
prev  ious  cvtological  studies  and  used  a  magnetic  separation 
method  to  recover  intact  magneiosomes  from  cellular  debris. 
Our  data,  obtained  by  freeze-etching  and  thin  sectioning  of 
both  cells  and  magnetically  e.xiracted  magnetosomes.  indi¬ 
cate  the  presence  of  a  triiaminaie  membrane  surrounding 
each  magnetite  core.  This  membranous  envelope  was  absent 
from  purified  magneiosomes  treated  with  detergent  to  re¬ 
move  lipids  and  proteins.  Trilaminate  membrane  vesicles 
with  dimensional  and  spatial  characteristics  of  magneto¬ 
somes.  but  devoid  of  magnetite  cores,  were  present  in 
wild-type  magnetic  cells  grown  without  iron.  .Amorphous 
iron  was  occasionally  present  in  small  quantity  within  these 
vesicles.  .Vlagnetosomes.  vesicles  with  amorphous  iron,  or 
empt>  vesicles  were  not  present  within  cells  of  the  non¬ 
magnetic  mutant  strain  NM-l.A.  It  was  apparent,  therefore, 
that  these  membranes  were  an  integral  part  of  magneto- 
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FIG  ".  .Sodium  dodecvl  sulfale-polvacrvlumide  gel  elecir.  sho- 
rests  'I'  cell  fractions  of  strain  MS-1.  Lanes:  Outer  membrane 
proteins.  OM;  inner  membrane  proteins.  IM;  m.igneiosome  mem¬ 
brane  proteins.  MM:  soluble  proteins.  SP:  molecular  weight  stan¬ 
dards.  MW  Arrows  indicate  the  positions  of  the  I.'.IHKI-  .md 
.Vt.lHKl-dalton  magneiosome  membrane  proteins 
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FIG.  8.  T\vo-dimensional  gel  electrophoresis  of  proteins  recovered  from  the  magnetic  (Al  and  nonmagnetic  iBl  fractions  from  strain  MS-1. 
Arrows  indicate  the  positions  of  the  15.500-  and  16.500-dalton  anionic  proteins  present  onlv  in  the  magnetic  fraction. 


somes.  and  we  consider  them  to  be  magnetosome  boundary 
membranes. 

Magnetosome  membranes  do  not  appear  to  be  contiguous 
with  the  cytoplasmic  membrane.  We  have  never  observed 
connections  between  the  two  membranes  in  numerous  thin 
sections,  including  stereo  views,  of  magnetic  cells.  If  the 
magnetosome  membranes  were  invaginations  of  the  cyto¬ 
plasmic  membrane,  we  would  e.xpect  freeze-etching  to  re¬ 
veal  severed  connections  as  pits  in  the  inner  surface  of  this 
membrane  (as  observed  with  freeze-etched  preparations  of 
cyanobacteria  which  possess  photosynthetic  membranes  as 
vesicular  intrusions  of  the  cytoplasmic  membrane  fllll;  it 
did  not.  Furthermore,  when  spheroplasts  were  made,  they 
did  not  evert  their  magnetite  crystals  as  would  be  expected 
of  particles  within  surficial  invaginations  of  the  cytoplasmic 
membrane. 

The  magnetosome  membrane  does  not  appear  significantly 
different  in  overall  composition  from  other  cell  membranes. 
We  detected  protein  and  lipid  as  components.  Lipids  were 
present  in  fractions  expected  to  contain  (i)  neutral  lipids  and 
fatty  acids,  (iii  glycolipids.  sulfolipids.  and  phosphatides. 
and  (iii)  phospholipids.  The  ratio  of  the  abundance  of  the 
lipid  components  is  that  expected  for  a  biological  membrane 
(23).  Although  most  proteins  detected  in  envelopes  of  puri¬ 
fied  magnetosomes  were  of  a  mass  (but  not  a  quantity) 
similar  to  that  of  the  cytoplasmic  membrane,  two  were 
unique  to  the  magnetosome  envelope.  It  is  tempting  to 
speculate  that  these  have  a  specific  role  in  magnetite  pro¬ 
duction.  .As  enzymes,  they  could  promote  the  accumulation 
of  supersaturating  quantities  of  iron  within  vesicles,  serve  to 
oxidize  iron,  or  reduce  and  dehydrate  the  ferrihydrite  pre¬ 
cursor  (8)  of  bacterial  magnetite.  They  could  also  be  ferrihy- 
drite-associated  proteins  such  as  bacterioferritin  (25)  apo¬ 
protein.  As  structural  proteins,  they  might  contribute  to  the 
compartmentalization  deemed  essential  for  "organic  matrix- 
mediated"  (12)  biomineralization.  The  use  of  artificial  mem¬ 
branous  vesicles  to  study  iron  biomineralization,  as  recently 
initiated  by  .Mann  et  al.  (15).  would  undoubtedly  be  ad¬ 
vanced  by  purification  and  inclusion  of  these  magnetosome- 
specific  proteins. 
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INTRODUCTION 

The  Earth  is  a  magnet.  Its  dipole  character  results  from 
massive  currents  within  the  molten  portion  of  its  core.  These 
currents,  driven  presumably  by  gravitational  energy,  Induce,  in 
the  manner  of  a  self-sustaining  dynamo,  a  global  dipolar 
magnetic  field  with  a  magnitude  of  roughly  0.7  gauss  at  the 
poles.  Although  the  ancient  Chinese  were  familiar  with  the 
polar  alignment  of  magnetized  needles,  geomagnetism  became 
science  with  the  publication  In  1600  of  William  Gilbert's 
classic  exposition  ^  Magnete,  Magneticisque  Corporibus  Et  De 
Hagno  Ma gne te  Tellure;  Phys lologia  Nova ,  Plurlmis  ^  Argumentis  ^ 
Experimentis  Demons  tra  ta.  Gilbert's  predecessor,  Peter 

Peregrinus  de  Maricourt  in  his  Epis tola  de  Magnete  of  1269,  had 
noted  that  a  magnetized  needle  (compass)  left  free  to  float  on 
water,  merely  rotates,  coming  to  rest  with  its  axis  lying  in  the 
north-south  plane,  and  is  not  pulled  in  a  northward  direction. 
He  did  not  perceive  that  the  source  of  the  magnetism  causing  the 
compass  deflection  was  the  Earth  Itself.  Other  predecessors  of 
William  Gilbert  had  believed  such  magnetism  was  extraterrestrial 
or  was  due  to  some  remote  "magnetic  mountains."  Gilbert 
fashioned  lodes  tone  spheres  which  he  called  terrellas  or  little 
Earths;  a  term  indicating  his  suspicion  that  the  Earth  itself 
was  a  magnet.  By  studying  the  interactions  between  his  terellas 
and  small  bits  of  iron  wire,  he  arrived  at  a  novel  and 
axperimentally  based  philosophy  of  the  attractive  behavior  or 
"coition"  of  ferromagnets,  and  presented  in  his  book  the  first 
inductive  rationale  for  the  concept  of  terrestrial  magnetism. 
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Iron  Reduction  by  Aqiicispirillum  ma^netotcicticuni 

Laurence  C.  Paolelii  and  Richard  P.  Blakemore 
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Abstract.  Iron  reductase  activity  in  cell  extracts  of  Ai/iui\/>irilliint  Diu'jnciouu  t'n  uni  strain  MS-1 
(uild  t\pe)  or  nonmagnetotactic  mutant  strain  NM-IA  was  located  primarilv  m  the  periplasm. 
Cytoplasm  contained  2()''r-35^r  and  membrane  fractions  Vi  of  total  iron  reductase  activity 
detected.  Iron  reduction  uas  reversibly  inhibited  by  oxygen,  required  /S-\.ADH.  and  uas  en¬ 
hanced  by  flavins.  Reduced  disulfide  bonds  and  uncomplexed  sulfhydryl  groups  were  necessary 
for  reductase  activity .  Respiratory  inhibitors  did  not  appreciably  affect  iron  reductase  activity . 
Iron  complexed  with  quinic  acid,  dihy  droxy  benzoic  acid,  acetohy  droxamic  acid,  citric  acid,  or 
deferrio.xamine  B  was  reduced  by  soluble  iron  reductases  of  strain  MS-1. 


Enzy  matic  reduction  of  ferric  iron  to  the  more  solu¬ 
ble  ferrous  form  may  be  ;>n  important  and  common 
feature  of  bacterial  iron  assimilation  (1-4.  7-9.  II. 
16|,  Some  bacteria  also  couple  iron  reduction  to 
substrate  dissimilation  (6.  l.^|. 

Magnetotactic  bacteria  assimilate  extracellular 
ferric  iron  by  incompletely  understood  means  [5. 
I.'').  They  convert  much  of  it  to  intracellular 
magnetite  (a  mixed-valence  iron  oxide)  by  steps  in- 
volv  ing  iron  reduction  [51.  One  species  available  for 
pure  culture  studies.  Aiiiui.spirillnni  mui’netotacti- 
ciim  strain  MS-1,  is  also  apparently  capable  ofdis- 
similatory  iron  reduction  because  it  exhibits  iron 
respiration-driven  proton  translocation  [15].  How¬ 
ever.  despite  this  indirect  evidence  that  they  reduce 
iron,  measurements  of  iron  reductase  (FeRed)  ac¬ 
tivity  by  cells  of  this  premier  iron-accumulating  bac¬ 
terium  are  needed.  In  this  paper,  we  report  the  cel¬ 
lular  locations  and  biochemical  characteristics  of 
FeRed  activity  detected  in  cell  fractions  of  A. 
itui^netoUa  iiciim  strains  MS- 1  and  NM-IA  grown 
under  conditions  appropriate  for  magnetite  forma¬ 
tion. 

Materials  and  Methods 


I..V-dioli  huticr.  pH  S.l),  Washed  eelU  suspended  in  h— v  ml  of 
hulTer  were  disrupted  b>  two  pusses  ihroueh  .i  f-reneh  pressure 
cell  al  Ih.OlM)  lb  m-'.  L  ndisrupted  cells  and  debris  were  remiwed 
b\  cemnlugalion  i  lO.lHHl  -j.  I.'  mm.  4  C),  The  cell  membrane  .md 
'luble  fractions  were  obtained  from  the  supern.it.int  fluids  be 
altracentrifugation  i  KKI.ihhi  e.  I  h.  4  fi.  Vlembr.ines  m  ihe  nellei 
fraction  were  suspended  in  1-7  ml  of  buffer  .md  stored  on  ice 
Periplasm  was  obtained  by  the  free.'e-’b^.u  method  !I4  .  ,md 
cytoplasm  was  subsequenfly  released  li'om  ih.iwed  cell'  Si  u 
ruption  in  a  French  pressure  cell.  Duicr  .md  c.  topl.ismic  mem¬ 
branes  were  separated  with  Triton  .\-loii  cSigm.i  t  '  ^'mical  t  o  , 
St.  Louis.  Missouri),  .is  previoush  described  .  I-  '  iples  were 
immediaieK  assured  for  FeRed  aclini.r.  Piolem  voncenir.itions 
were  determined  b\  ihe  method  of  Lowrr  ei  .il  |  III;. 

Iron  reductase  assay.  Iron  reduction  b\  cell  exir.icis  was  mea¬ 
sured  with  ferrocine  =  7h.lX)()  \/  cm  i  us  described  b\ 
Dailev  and  Lascelles  |4|.  .Xssars  were  performed  .muerobicalK 
in  Thunberg  cuvettes  at  2.'  C  m  ,i  BeeXman  Insiruments  DL -!< 
spectrophotometer  equipped  for  Isineiic  unaKsis  Reaction  mix¬ 
tures  ifinal  volume  of  2.1)  ml)  consisted  of  It)  mM  Tris-ucetate 
buffer  ipH  8.1)  containing  ID'f  ivol  roll  gKcerol  and  ID  Mg  ml 
phenvimethylsulfonvl  fluoride;  l).8  mA/  d-N  ADH.  D  .'  mM  ferro- 
zine;  0.2  m.V/  ferric  citrate;  and  ID  ij.M  fluvm  mononucleotide 
iFM.N)  Cell  extract  it).?-2.D  mg  proteini  vvus  placed  m  the  side- 
arm.  and  the  cuvette  contents  were  sparged  with  O  -free  for  5 
min  The  reaction  was  initiated  hv  mixing  the  extract  with  the 
assay  mixture.  .Apparent  K„,  and  V..,,,  values  were  calculated 
from  Lineweaver-Burke  plots  obtained  with  a  minimum  of  three 
substrate  concentrations. 


Bacterial  strains  and  growth  conditions.  Aqiiuspirilliiin  maunctn- 
luciuiiin  strains  MS-1  i.ATCC  3l6.t2l  and  NM-I.A  ll.v)  were 
batch-cultured  microaerobically  in  magnetic  spirillum  growth 
medium  | I.M 

Preparation  of  cell  extracts.  Cells  were  harvested  1 14|  and 
washed  once  in  ID  m  W  Tris  (2-amino-2-hvdroxymeth>lpropane- 


Iron chelates.  Feme  chloride  (4  m.V/ 1  was  combined  with  each  of 
the  following  chelators  i4  m.V/  each  in  Milli-Q  wuteri:  quinic  acid 
iSigma  Chemical  Co.i.  2..V-dihydroxybenzoic  acid.  iDHB.  Al¬ 
drich  Chemical  Co  .  Milwaukee.  VV'isconsini.  .icetohydroxamic 
acid  t.Aldrich  Chemical  Co  i.  and  defernoxamine  B  la  generous 
gift  from  Ciba-Giegy  Corp..  Summit.  New  Jersey  i 


Address  reprint  requests  to:  Dr  Richard  P  Blakemore.  Department  of  Microbiology.  Cniversity  of  New  Hampshire.  Durham  NH 
D.Ag24.  CS.A. 
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Table  1  Cellular  di'tnhiilion  ot  iron  reductase  aeii\ lU  in 

//I  fiiii 

\cli'  ii>  in  'train 
Ms. I  \M-I  \ 

Celirra''.U'n  i.Uai  sn  act  ’■  total  Sp  act 

PeriplaMii  2'  M 

CTlopla'P!  ^1  4 

Membrane'  '  2  I 

Specitic  acti'ii'.  nmol  beilli  tormed  mm  me  protein 
condition'  are  described  in  t:nJ 

Obtained  b'l  rree/e-tha"  method  'Ui. 

Ineludes  outer  plu'  cvtopl.ismie  membranes. 


Chemicals.  d-\  \[)H.  d-C  \DPH.  F.MN.  F.\0.  rotenone.  anii- 
m\cm  \.  .md  2-hepi>  l-d-hedroc'quinoline-N-oside  'HONOi 
uere  purchased  from  .Siem.i  Chemical  t\i. 

Results  and  Interpretations 

Distribution  of  FeRed  activity.  Of  the  total  FeRed 
specific  activit\  detected  in  strains  MS-1  and  NM- 
I.A.  and  M''?.  respectively,  were  in  the  cell 
periplasmic  fraction  (Table  I).  Approximately  200 
(strain  MS-1)  to  3.‘'^r  (strain  NM-l.A)  of  the  total 
FeRed  acti\it>  was  present  in  the  cytoplasm,  and 
y>  was  detected  in  the  combined  membrane  frac¬ 
tions  (Table  I).  The  outer  membrane  fraction  con¬ 
tained  approximateK  IO  of  the  total  activity  ,  and 
frequently  no  activity  was  detected  in  the  cytoplas¬ 
mic  membrane  fraction.  Specific  activity  values  of 
soluble  or  membrane-associated  FeRed  of  Aqua- 
spirillum  mafiHi'iotaciicum  (Table  1 )  were  similar  to 
those  reported  for  other  organisms  [1.  2.  4.  9,  11]. 

The  preponderant  distribution  of  FeRed  activ¬ 
ity  in  periplasm  could  be  important  in  iron  assimila¬ 
tion  ( I3|.  in  formation  of  the  periplasmic  hemes  de¬ 
tected  previously  in  this  organism  (12].  in  substrate 
dissimilation  [  151.  or  in  a  combination  of  these.  Cy¬ 
toplasmic  FeRed  of  .4.  mu^netotactUum  could  be 
associated  with  iron  transport  or  with  reduction  of 
intracellular  ferrihydrite  (5Fe:0T9H:0)  to  magne¬ 
tite  I Fe;0>  •  FeO)  [5]. 

Biochemical  properties  of  FeRed.  We  detected 
FeRed  activity  in  soluble  fractions  from  cells  cul¬ 
tured  over  the  range  of  0-40  pM  added  iron  (data 
not  shown);  this  indicated  that  this  enzyme  was 
constitutively  produced.  Specific  activity  of  either 
soluble  or  membrane-associated  FeRed  in  strain 


T.tble  2.  KlTcut  ot'  redusi.inis  on  iron  rciju..i.istf  .i..iiu!;.  oi 
Acfua^pn'iUttni  i<>uu  !tt  uni  strum  \1S.1 

Spi  .  It'v  ,K  !  I\  ll  i  in 

Ri;dui.i.ini 

•  mSt '  Soluble  1 1 .1. :  ion  Menibr.mc  Ir.is'ion 

\  \i)H  •(!  s,  s :  :  e 

N.XDPHiiis,  :  II  111 

Suecin.ito  ‘am  S  0  \  N  D  \ 

nmol  Tc'lli  (ormed  min  mu  protein  t",: .  ..mdi',.  n- ..re 
dc'eribed  in  Mufcutlt  nrJ  Mi  ih.uh 
■  Ineiudes  outer  .md  ewopl.istme  metnbr.mes 
S.O  deieel.ible  •letisit'. 


T.ible  HtTeet  ot  tiioin'  I'n  iron  rediiei.i'e  .leioitt  ol 
Ailiunpinlhini  /iiue'ii  f“/<ii  in  uni  strum  MS-1 

Speeitte  .leto  lo.  in 

H.iMn  lilt  M  tt  I  Soluble  I'r.ielion  Membr.me  I’r.ietion 

None  12  S  D  \ 

FMN  S9  IP 

F.XD  ll.x  2  a 

Specific  .icliuiy.  nmol  Feilli  tormed  mm  mt;  priuem 
.■\ss.i>  conditions  ure  described  in  Muii  iinh  .on/  Miuuu/i 
'  Includes  outer  .md  cytoplusmic  membrunes 
No  deiect.ible  ucln  ii> 


MS- 1  cells  was  at  least  twofold  higher  with  d- 
.\.ADH  than  with  jS-N.ADPFI  as  the  reductant  (Ta¬ 
ble  2).  Succinate  did  not  serve  as  a  reductant  for 
either  soluble  or  membrane-associated  FeRed  (Ta¬ 
ble  2).  Flavins  have  been  shown  to  stimulate  FeRed 
activity  (8.  9.  II].  The  activity  of  both  soluble  and 
membrane-associated  FeRed  of  strain  MS-1  cells 
was  enhanced  by  adding  FMN  or  F  AD  to  the  assay 
mixture  (Table  3).  .Activity  was  not  detected  in  cell 
combined  (outer  plus  cytoplasmic)  membrane  frac¬ 
tions  in  the  absence  of  added  flavins.  Reduction  was 
not  observed  with  either  0.8  m.V/  /3-N.ADH  (or  i3- 
N.ADPH)  or  10  pM  FMN  (or  FAD)  added  to  the 
assay  mixture  in  the  absence  of  enzy  me.  .Activity 
was  completely  destroyed  by  boiling  of  the  cell  frac¬ 
tions. 

Preferential  use  of  )3-N.ADH  over  )3-N.ADPH 
and  the  stimulatory  effect  of  flavins  are  characteris¬ 
tics  shared  by  FeRed  m  S’ei.sscria  iionorrliocac  18]. 
Rhotiopseudomonas  sphacroides  (11).  Pseudo¬ 
monas  aeruginosa  (2).  and  A^^rohaeierium  tumefa- 
ciens  (9). 
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Av  with  other  bacteria  |4,  9].  the  FeRed  acti\it> 
was  measured  was  totalis  and  reversiblv  inhibited 
b\  ossueniJata  nr'tshowni.  Inhibition  ssas  relieved 
bv  spareme  niiMiiics  with  O-tVee  N:orbv  addine  2- 
mercaptoethanol  id.l'r  vi.i|  soil  tvi  the  assav  ma¬ 
ture.  Lodge  et  il  |4l  have  reported  bacterial  FeRed 
inhibition  bv  Milthv  drv  l-binding  agents  such  as  mer¬ 
curic  or  cadmuim  chloride  and  N-ethv  Imaleimide. 
S]ciciin<:  chloride  il  m.\/)  compleiel)  abi'lished 
iron  reduction  bv  the  srvluble  cell  fraction  of  strain 
MS-1.  These  results  suggest  that  reduced  disulfide 
bonds,  which  can  be  disrupted  bv  O-.  and  uncom- 
plexed  Milfhvdrv  1  groups  mav  be  necessarv  for  solu¬ 
ble  FeRed  aciivitv  in  this  bacterium. 

Respirators  inhibitors  HQNO.  antimvein  .3.  or 
rotenone  (4  /u  \l  each)  inhibited  iron  reduction  bv 
combined  membrane  fractions  of  -i.  li- 

(  urn  MS- 1 .  The  inhibition  was  I  i  '^  or  less  of  that  of 
untreated  controls.  Because  the  cvioplasmic  mem¬ 
brane  fraction  eshibited  little  or  no  FeRed  activitv. 
our  results  indicate  that  the  FeRed  activitv  we  mea¬ 
sured  was  not  associated  with  cell  respiration. 
These  results  are  at  variance  with  those  of  Short 
and  Blakemore  |  l.'l  which  demonstrated  that  intact 
cells  of  this  strain  (cultured  similarlv )  carrv  out  inm 
respiration-driven  proton  translocation,  a  process 
that  was  inhibited  bv  respiration  inhibitors.  .Al¬ 
though  some  organisms  apparentiv  use  respiratory 
chain  components  for  iron  reduction  (4.  7|.  recent 
evidence  was  presented  showing  that  iron  reduction 
bv  t\<  Iwrii  hiii  I  oli  K12  sells  was  not  linked  to  res¬ 
piration  lib).  Differences  between  our  work  and 
that  of  Short  and  Blakemore  1 1.^1  mav  relate  to  our 
use  of  cell  membranes  rather  than  intact  cells. 

The  specific  activ  ity  of  the  membrane  FeRed  of 
strain  MS- 1  with  ferric-DFIB  was  fourfold  higher 
than  with  other  ferric  chelates  tested.  Except  for 
this  effect,  we  observed  no  differences  in  the  spe¬ 
cific  activity  of  either  periplasmic.  cytoplasmic,  or 
membrane  reductases  of  strain  MS- 1  with  any  of  the 
six  iron  chelates  tested  (those  listed  in  Table  4).  Cox 
>■”  correctly  predicted  that  Psemloinomis  dcni- 
jiiiiisd  cells  possessed  two  different  soluble  iron  re¬ 
ductases  based,  in  part,  upon  measured  differences 
in  specific  activity  of  extracts  with  two  iron  che¬ 
lates.  By  this  reasoning,  because  we  observed  simi¬ 
lar  activity  with  diverse  chelates.  A.  ntaunciotin  li- 
cum  may  contain  one  soluble  FeRed  able  to  process 
iron  uncomplexed  or  bound  to  a  variety  of  chelates. 

.Apparent  and  values,  .^pparent  Kn,  values 
of  soluble  (periplasmic  and  cytoplasmic)  FeRed 
from  strain  .M.S-1  ranged  from  IS  /xM  for  ferric  qui- 


Table  4.  .Xppiircnl  and  \  r,,  '■.ilucs  o(  AijHn 

lu  mu  "irain  MS- 1  >oluble  iron  rcduv;!a^c  \Mih 
\  arums  ii\>n  compounds 

Iron  ct'mpound  K  :  \ 


herns 

qiunalc 

iiS 

1 

Ferris 

DHB 

11 

Ferris 

accti>h>  J  ri’\aniali.- 

11 

Ferris 

chloiKic 

10' 

ii 

Ferns 

rciTuuaminc  H 

J'4 

1) 

'40 

Ferns 

citrate 

:i: 

0 

‘10 

mW 

K .  .  1 

ici'rrelaiu^n  ci'cnicien! 

.  and  \  \ . 

luC' 

Irnm 

.meuoa^ ei* Burke  ploiN 

ot  en/\mc 

.ic!l 

y  i! 

more 

lib's Jr.ite  ci'neeniraiioriN 

nmol 

Fe<  1 1 1  formed  min 

me  protein 

nate  to  212  jj-M  for  ferric  citrate  (Table  4).  The  \  ,, 
values  ranged  from  9  nmol  ■  min  '  •  mg  protein  for 
ferric  DFIB  to  51  nmol  •  min  '  •  mg  protein  for 
ferric  citrate  (Table  4).  These  data  indicate  that  A. 
nKic’fiaortu  !i(  urn  cells  are  able  to  reduce  uncom¬ 
plexed  iron  or  iron  complexed  to  citrate,  pheno- 
lates.  or  to  primary  or  secondary  hydroxamates. 
Ferric  quinate  appeared  to  be  an  especially  suitable 
iron  substrate.  This  may  reflect  the  culture  history 
of  cells  because  ferric  quinate  is  the  iron  source  m 
our  growth  medium. 

Conclusions 

Our  data  show  that  FeRed  activity  of  .V  muem  fo- 
uutkum  was  prci.  ninantly  located  in  the  peri¬ 
plasm.  The  en/ty  me  reduced  uncomplexed  iron  or 
iron  complexed  to  any  of  several  chemically  differ¬ 
ent  chelators  and  was  constitutively  produced  over 
the  range  of  culture  iron  from  0  to  40  fx\f.  Enzyme 
activity  required  /j-N.ADFI.  was  enhanced  by  fla¬ 
vins.  and  was  reversibly  inactivated  by  oxygen.  Sol¬ 
uble  FeRed  was  unaffected  by  a  selection  of  respira¬ 
tory  inhibitors. 

Cells  of  mutant  strain  NM-l.-\  accumulate  sub¬ 
stantial  amounts  of  iron  as  ferrihydrite  but  not 
magnetite  !.>).  We  did  not  observe  substantial  differ¬ 
ences  between  the  magnetic  and  nonmagnetic 
strains  with  regard  to  the  location  and  specific  activ¬ 
ity  of  FeRed.  Our  results  corroborate  earlier  find¬ 
ings  (D..A.  Bazylinski.  Ph.D.  thesis.  University  of 
New  Flampshirc.  Durham.  1984)  and  suggest  that 
iron-reducing  ability  Is  not  a  factor  explaining  the 
inability  of  NM-I.A  cells  to  produce  magnetite. 

In  some  organisms,  iron  is  apparently  released 
from  ferrisiderophores  by  reduction  11-4.  ~-9.  II. 
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16].  Ho\ve\cr.  in  t'cv^  sludicN  ha\e  comparisons 
been  made  of  FeRed  acti\it>  in  separated  periplas- 
mic.  cytoplasmic,  and  membrane  cell  fractions 
Iron  acciimulaics  miracelliilarK  in  both  wild-type 
strain  MS-i  and  lummaenetic  mutant  strain  NM-I.\ 
as  magnciiiie  or  fernhydrite.  respectively.  Because 
it  does  not  accumulate  at  the  cell  surface,  transport 
thri>ugh  cell  boundary  layers  and  periplasm  cannot 
be  a  rate-limiting  step  in  iron  acquisition  by  these 
strains.  .Abundant  periplasmc  iron  reductase  activ¬ 
ity  could  promote  iron  transport  and  prevent  accu¬ 
mulation  I'f  surhcial  ferric  ovy hydroxides  in  this 
motile  spirillum, 
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This  paper  reports  on  the  magnetic  properties  of  magnetosomes  in  the  freshwater  magnetotactic  bacterium  Aquaspirillum 
magnetoiacticum.  The  magnetosomes  are  well  crystallized  particles  of  magnetite  with  dimensions  of  40  to  50  nm,  which  are 
arranged  within  cells  in  a  single  linear  chain  and  are  within  the  single-magnetic-domain  (SD)  size  range  for.  magnetite.  A 
variety  of  magnetic  properties  have  been  measured  for  two  samples  of  dispersions  of  freeze-dried  cells  consisting  of  (1 )  w  hole 
cells  (M-1)  and  (2)  magnetosomes  chains  separated  from  cells  (M-2).  An  important  result  is  that  the  acquisition  and 
demagnetization  of  various  type  of  remanent  magnetizations  are  markedly  different  for  the  two  samples  and  suggest  that 
reman-nce  is  substantially  affected  by  magnetostatic  interactions.  Interactions  are  likely  to  be  much  more  important  ir.  M-2 
because  the  extracted  magnetosome  chains  are  no  longer  separated  from  one  another  by  the  cell  membrane  and  cytoplasm. 
Other  experimental  data  for  whole  cells  agree  with  predictions  based  on  the  chain  of  spheres  mouel  for  magnetization  reversal 
This  model  is  consistent  with  the  unique  linear  arrangement  of  equidimensional  particles  in  A.  magnetoiacticum.  The  magnetic 
properties  of  bacteiial  and  synthetic  magnetites  are  compared  and  the  paleomagnetic  implications  are  discussed. 


1.  Introduction 

Magnetotactic  bacteria  in  marine  or  freshwater 
aquatic  sediments  orient  and  navigate  along  geo¬ 
magnetic  field  lines  [1],  These  bacteria  are  typi- 

'  Present  address:  Department  of  Geology.  University  of 
California.  Davis.  DA  95616.  US.^. 

^  Present  address:  Physics  Department.  California  Polytechnic 
State  Umversiiy.  San  Luis  Obispo.  CA  93407.  USA. 


cally  microaerophillic,  inhabiting  the  microaerobic 
sediment  betw'een  the  aerobic  surface  and  anoxic 
deep  layers.  All  species  of  magnetotactic  bacteria 
contain  magnetosomes,  which  are  intracytop- 
lasmic,  membrane-bound  particles  of  magnetite. 
FcjOj  [2].  Magneiotactic  bacteria  syn''  -size  FcjOj 
by  accumulating  ferric  or  ferrous  iron,  or  both, 
from  their  environment  to  intracellular  concentra¬ 
tion  that  are  10''  to  10'  times  higher  than  ex- 
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traccHular  concentrations  [3].  Magnetosome  mor¬ 
phologies  are  species  dependent  (4),  but  are  invari¬ 
able  within  the  single-magnetic-domain  (SD)  size 
range  for  Fe304.  Magnetosomes  within  cells  are 
often  arranged  in  one  or  more  chains  with  the 
chain  axis  more  or  less  parallel  to  the  axis  of 
motility  of  the  cell.  Because  of  interparticle  inter¬ 
actions  among  the  magnetosomes  in  a  chain,  all 


the  particle  moments  are  aligned  parallel  to  each 
other  along  the  chain  direction.  The  chain  of 
magnetosomes  thus  has  a  permanent  magnetic 
dipole  moment  which  is  responsible  for  the  mag¬ 
netotactic  response  of  the  organism  m  the  geo¬ 
magnetic  field  (5). 

Magnetotactic  bacteria  are  found  in  the  sedi¬ 
ments  of  many  aquatic  environments  (1].  When 


Fig.  1  Electron  micrograph  of  A.  magnetoraciicum  used  in  this  study  The  scale  bar  is  1.0 
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cells  die,  their  magnetosomes  or  magnelosome 
chains  could  remain  in  the  sediments,  making 
substantial  contributions  to  the  paleomagnetic  re¬ 
cord  preserved  in  sedimentary  rocks  [6],  It  has 
been  suggested  that  fossil  magnetosomes  may  be 
the  primary  source  of  stable  natural  remanent 
magnetization  in  marine  sediments  [6-10].  Chang 
et  al.  [7]  reported  isolation  of  SD  magnetite  of 
biogenic  origin  from  modern  marine  carbonate 
oozes  and  calcareous  laminated  sediments.  They 
also  reported  isolation  of  Fe,04  particles,  with 
morphologies  analogous  to  magnetosomes  in  cur¬ 
rent  magnetotactic  bacteria,  in  Cambrian  limes¬ 
tones  dated  to  500  million  years.  Petersen  et  al.  [8] 
have  also  isolated  chains  of  SD  sized  particles  of 
Fe,04  with  similar  morphologies  from  deep  sea 
sediment  cores  dated  to  50  million  years. 

Aquaspirillum  magnetoiaaicum  is  a  freshwater 
magnetotactic  bacterium.  This  organism  is  cur¬ 
rently  the  only  magnetotactic  microorganism 
available  in  pure  culture  [11].  A.  magnetotacticum 
contains  a  single  chain  of  magnetosomes  that 
longitudinally  traverses  the  cell,  as  shown  in  fig.  1. 
The  Fe304  particles  in  this  organism  have  linear 
dimensions  of  40  to  50  nm  and  are  separated  from 
adjacent  particles  in  the  chain  by  approximately  4 
to  10  nm  (3).  The  particles  are  well  crystallized 
with  truncated  octahedral  morphology  and  are 
oriented  so  that  [111]  faces  are  perpendicular  to 
the  magnetosome  chain  axis  [4].  The  number  of 
magnetosomes  per  cell  is  variable  within  a  popula¬ 
tion,  but  the  average  number  is  typically  10  to  20 
magnetosomes  per  cell  [3].  The  average  number  of 
magnetosomes  also  vanes  with  culture  conditions, 
especially  chelated  iron  concentration  and  dis¬ 
solved  oxygen  tension  [12].  Intact  chains  of  mag¬ 
netosomes  can  be  separated  from  cell  debris  fol¬ 
lowing  cell  rupture  [13]. 

Rosenblatt  et  al.  used  static  light  scattering  [14] 
and  magnetically  induced  birefringence  [15]  to 
measure  the  average  magnetic  dipole  moment  per 
cell  in  suspensions  of  whole  cells  of  A.  magneio- 
taciicum  in  water.  Their  results  were  consistent 
with  estimates  based  on  the  amount  of  cellular 
FciOj  obtained  from  electron  micrographs. 

Initial  bulk  magnetic  measurements  on  freeze- 
dried  cells  and  isolated  magnelosome  chains  of  A. 
magneioiaciicuni  were  reported  by  Denham  el  al. 


[16].  The  saturation  magnetization  (7,)  of  the 
freeze-dned  cells  were  consistent  with  an  FCjOj 
content  of  about  \%  dry  weight  of  the  cells.  A 
saturation  remanent  magnetization  (J,)  approxi¬ 
mately  equal  to  one-half  the  saturation  magnetiza¬ 
tion  confirmed  the  SD  nature  of  the  magnelosome 
chains.  However,  the  coercive  force  ( //, )  of  21.9 
mT  was  inconsistent  with  the  Stoner-Wohlfarth 
(SW)  model  [17]  for  magnetization  reversal  by 
coherent  rotation.  Instead.  Denham  et  al.  [16] 
suggested  that  the  chain  of  spheres  or  fanning 
model,  as  proposed  by  Jacobs  and  Bean  [IS],  was 
a  better  representation  of  magnetization  reversal 
along  a  chain  of  magneto.somes.  In  addition,  the 
saturation  magnetization  on  a  unit  weight  basis 
was  higher  for  the  isolated  magnetosomes  chains 
whereas  J,/J^  and  were  lower  than  for  the 
whole  cells,  suggesting  stronger  chain-chain  mag¬ 
netic  interactions  after  removal  of  the  cellular 
surroundings. 

In  this  paper,  we  present  a  detailed  magnetic 
study  of  magnetosomes  in  A.  magnetotacticum 
grown  in  pure  culture.  A  variety  of  magnetic  prop¬ 
erties  have  been  measured  on  freeze-dried  whole 
cells  and  magnetosomes  chains  separated  from 
cells.  An  important  result  was  that  the  acquisition 
and  demagnetization  of  various  type  of  remanent 
magnetizations  were  markedly  different  for  the 
two  samples  and  suggested  that  remanence  was 
substantially  affected  by  magnetostatic  interac¬ 
tions.  The  magnetic  properties  of  biogenic  and 
comparably  sized  synthetic  magnetites  are  also 
compared  and  discussed.  In  addition,  hysteresis 
data  for  whole  cells  are  shown  to  be  consistent 
with  predictions  based  on  the  chain  of  spheres 
model  for  magnetization  reversal.  Implications  for 
paleomagneiism  will  be  discussed. 

2.  Experimental  procedures 

2. 1.  Sample  preparation 

A.  magnetotacticum  was  grown  in  batch  culture 
in  chemically  defined  medium  as  described  previ¬ 
ously  (11).  Cells  were  harvested  by  filtration  and 
washed  in  phosphate  buffer,  .A  portion  of  the 
washed  cells  vas  fixed  in  1^  glutaraldehyde  and 
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subsequently  free^e-dned  after  removal  of  the 
fixative,  or  Wept  in  suspension  (12).  Cells  were 
disrupted  with  a  French  pressure  cell  and  the 
magnetic  cell  fraction  separated  in  a  strong  mag¬ 
netic  field  gradient.  This  fraction  was  washed  and 
resuspended  10  times  in  fresh  buffer,  treated  with 
1  M  NaCl  and  again  washed  several  times  to 
remove  adventitious  protein.  Electron  microscopy 
showed  that  magnetosomes  in  this  fraction  were 
primarily  in  chains.  The  magnetosome  chains  were 
subsequently  fixed  in  \%  glutaraldehyde  and 
freeze-dried  or  kept  in  suspension. 

Two  samples  of  freeze-dried  materials  were 
studied:  (1)  M-1,  which  consi:  ;ed  of  the  intact 
whole  cells  and  (2)  M-2,  which  consisted  of  mag- 
neiosomes  chains  separated  from  cells.  Measure¬ 
ments  of  saturation  magnetization  were  consistent 
with  a  magnetite  content  of  about  1%  dry  weight 
of  the  cells  for  M-1  and  about  14%  for  M-2.  The 
freeze-dried  powders  were  mixed  in  a  non-mag- 
netic  matru  of  epoxy  for  remanence  measure¬ 
ments.  It  should  be  emphasized  that  because  of 
the  higher  concentration  of  magnetite  in  M-2, 
particle  agglomeration  was  more  likely  to  occur 
and  therefore  local  concentrations  in  M-2  may  be 
much  higher  than  the  average  of  14%. 

2.2.  Magnetic  measurements 

Hysteresis  loops  were  measured  with  an  ac 
gradient  force  magnetometer  [19].  Samples  of 
whole  cells  or  extracted  magnetosomes  were  dried 
onto  mylar  film  substrates  and  measurements 
made  in  the  plane  of  the  film.  Using  the  ac 
gradient  force  magnetometer,  the  anisotropy  field 
distribution  was  determined  by  saturating  the 
sample  magnetically,  reducing  the  external  field  to 
zero,  rotating  the  sample  by  approximately  6°  for 
a  randomly  dispersed  sample,  or  by  90°  for  an 
aligned  sample,  and  measuring  the  component  of 
magnetization  normal  to  the  field  H.  The  field  is 
cycled  between  zero  and  a  maximum  field  whose 
value  increases  on  consecutive  cycles  [19].  The 
average  ani.sotropy  field  //j,  was  determined  from 
the  initial  susceptibility  (Xol  ^  spinning  sample 
Using  a  novel  Hall  method  [20].  Rotational  hyster¬ 
esis  H'r  as  a  function  of  field  was  measured  as  a 
sample  was  spun  clockwise  and  then  counter 


clockwi.se  at  a  frequency  greater  than  KXKI  rpm 
(see  ref.  [20]  for  more  details).  .Magnetizatuin  mea¬ 
surements  of  whole  cells  in  a  water  suspension 
before  and  after  freezing  in  an  applied  field  were 
made  with  a  SQUID  magnetometer. 

Remanent  magnetization  (RM)  was  measured 
with  a  Schonstedt  spinner  magnetometer.  Single- 
and  multi-axis  alternating  field  (af)  demagnetiza¬ 
tion  was  conducted  in  a  low-field  environment 
using  an  af  .solenoid  demagnetizer.  For  single-axis 
demagnetization,  the  axis  of  demagnetization  was 
the  axis  along  which  R.M  was  induced.  Isothermal 
remanent  magnetization  (IRM)  was  produced 
using  either  a  short-duration  pulse  discharge  coil, 
with  a  peak  field  of  100  mT.  or  an  iron-cored 
electromagnet,  w'ith  a  peak  field  of  800  mT.  IRM 
acquisition  curves  were  measured  by  applying  in¬ 
crementally  increasing  fields  to  initially  demag¬ 
netized  samples  and  noting  the  IRM  produced. 
Static  field  demagnetization  curves  were  measured 
by  applying  increasingly  higher  reverse-polarity  dc 
fields  to  a  saturation  IRM  (SIRM).  Anhysteretic 
remanent  magnetization  (ARM)  was  imparted  to 
the  sample,  initially  af  demagnetized  at  120  mT. 
by  applying  an  af  of  100  mT  simultaneously  with 
a  small  dc  field.  The  af  was  reduced  slowly  to  zero 
and  the  remanent  magnetization  recorded.  .All 
.ARM’s  were  produced  by  dc  fields  that  were 
always  parallel  to  the  axis  of  the  alternating  field. 
Zero-field  decay  of  a  viscous  remanent  magnetiza¬ 
tion  (VR.M)  was  measured  after  the  sample  was 
initially  af  demagnetized  at  120  mT  and  then 
exposed  to  a  constant  field  of  0.5  mT  for  ap¬ 
proximately  16  h.  Low -field  initial  susceptibility 
was  measured  using  an  ac  susceptibility  bridge. 

3.  Remanence  curves  and  coercive  forces 

Ti.  facilitate  comparisons  among  different  re¬ 
manent  magnetization  (RM)  curves  and  their  re¬ 
spective  average  coercivities,  the  following  nota¬ 
tion  is  u.sed.  All  RM  curves  are  normalized  with 
respect  to  saturation  remanence.  IR.M  acquisition 
and  Ic  demagnetization  curses  are  denoted  by 
J„(}l)  and  JjlH).  respectively.  The  remanent 
coercive  force.  is  the  reverse  dc  field  necessary 
to  reduce  an  initial  SIRM  to  zero.  The  comple- 
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mcnt  to  this  is  H,\  which  is  the  dc  field  at  which 
J„(  H )  is  0.5.  AF  demagnetization  curves  of  SIRM 
or  ARM  are  denoted  by  or  where 

H  is  the  peak  alternating  field.  The  median  de¬ 
structive  field.  A/,  is  the  af  necessary  to  reduce 
an  initial  remanence  by  half.  In  addition,  to  esti¬ 
mate  the  spectral  widths  of  the  coercivity  distribu¬ 
tions  exhibited  by  the  various  RM  curves,  let  //, 
and  H2  be  the  fields  at  which  the  normalized 
intensity  is.  respectisely,  15S  and  85%  of  satura¬ 
tion  (e.g,.  ref.  [21]). 

For  an  ensemble  of  non-interacting  single-do- 
main  grains,  Wohlfarth  [22]  has  shown  that  the 
following  relationships  hold  among  the  different 
RM  curves; 

JJH)  =  \-2JJH).  (la) 

JJH)  =  \il+JA^))  =  d(b).  (lb) 

JAH)  =  \-JjH)=r{li).  (Ic) 

These  relations  also  predict  that 

and  on  a  plot  of  JA^)'  ^he  crossover 

point  occurs  at  a  value  R  =  0.5  [21-26]. 

Particle  interactions,  however,  will  tend  to  off¬ 
set  the  coercivity  spectra  of  the  different  RM 

curves,  and.  as  a  result,  relations  (la-c)  will  not  be 
satisfied  (e.g.,  refs.  [21-26]).  Instead,  Kneller  [26] 
proposed  that  the  effects  of  particle  interactions 
will  produce  two  types  of  magnetic  behavior  with 
respect  to  relations  (la-c).  Type  I  materials  are 
charactenzed  by  <  d(H)  <  r(H),  R  <  0.5 

and  Hj  2  ^r-  tr*  contrast,  type  II  materials 

are  characterized  by  JA^)  >  d{H)  >  r{H).  R> 
0.5  and  > /// >  Dispersed  powders  of 
SD  particles,  in  which  agglomeration  of  particles 
occur,  are  type  I  materials,  whereas,  SD  precipi¬ 
tates  in  a  non-magnetic  matrix,  in  which  minimal 
agglomeration  occurs,  are  type  II  materials  [26]. 
Multi-domain  materials  are  always  type  I  [26], 
According  to  Kneller  [26].  the  difference  between 
type  I  and  II  interactions  is  effectively  long-range 
interactions  expressed  via  a  mean  field  and  short- 
range.  or  nearest-neighbor  interactions,  respec¬ 
tively.  .“ks  will  be  shown  subsequently,  the  mag¬ 
netic  properties  of  M-1  and  M-2  correspond  to 
type  II  and  type  I  materials,  respectively. 


4.  Results 

4.1.  Hysteresis  mea.surernents 

Fig.  2  shows  the  hysteresis  curve  of  a  random 
dispersion  of  M-1.  For  this  sample,  =  0.6 
AmVK-g.  Ih  =  26.8  mT  and  J,/J,  =  0.53.  The 
value  of  was  equivalent  to  an  Fe,04  content  of 
about  1%  dry  weight  of  the  cells.  The  remanence 
ratio  was  consistent  with  the  theoretical  value  of 
0.5  for  a  randomlv  oriented  ensemble  of  uniaxial 
SD  particles,  and  agrees  with  an  earlier  study  by 
Denham  et  al.  [16]. 

The  anisotropy  field  in  M-1  was  determined  by 
three  different  methods.  First,  the  distribution  of 
anisotropy  fields  in  a  randomly  oriented  sample  of 
M-1  was  determined  as  outlined  above.  The  result¬ 
ing  distribution  in  is  plotted  in  fig.  3  (curve  A) 
and  peaks  at  approximately  43.8  mT.  Second,  this 
value  was  checked  by  measuring  the  initial  sus¬ 
ceptibility  of  a  spinning  sample  with  the  Hall 
probe  technique  [20],  The  result  from  this  mea¬ 
surement  was  A/^  =  47,8  mT.  in  good  agreement 
with  the  first  method.  Third,  the  anisotropy  distri¬ 
bution  for  a  water  suspension  of  whole  cells  (M-1) 
dried  onto  a  mylar  film  substrate  in  an  external 
field  of  13  T  was  determined.  The  anisotropy  field 
distribution  determined  from  this  experiment 
(curve  B,  fig.  3)  was  nearly  identical  with  the 
results  obtained  from  the  randomly  dispersed 
sample  used  in  the  first  two  methods. 

Hysteresis  loops  were  also  measured  parallel  to 
the  direction  of  an  orientating  field.  Here,  a  water 
suspension  of  whole  cells  (M-1)  was  drier  onto 


Fig.  2.  Hysteresis  lix)p  for  a  random  dispersion  of  freeze-dned 
whole  celj.s  of  magnetic  baciena  (M-l ) 
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Fig.  3  Companson  of  anisotropy  field  distrihution  for  an 
aligned  (curse  .A)  and  random  (curse  B)  dispersion  of  freezc- 
dned  whole  cells.  The  aligned  sample  was  produced  by  drying 
a  water  suspension  of  whole  cells  on  a  mylar  film  in  an 
external  field  of  13  T. 

mylar  film  substrates  in  either  an  external  field  of 
0.6  T  (aligned  sample)  or  in  the  earth’s  field 
(random  sample)  and  the  results  of  this  experi¬ 
ment  are  given  in  table  1.  Theoretically,  for  the 
state  of  perfect  alignment,  the  coercive  force  and 
remanence  ratio  in  a  parallel  direction  are  //<,„  = 
//^  and  y,  /y,-1.0  [17],  However,  » 0.6//^ 
and  was  approximately  equal  to  the  coercive  force 
in  the  random  dispersion.  The  latter  result  was 
consistent  with  the  chain  of  spheres  model  [18]. 

Hysteresis  loops  and  the  distribution  of  ani¬ 
sotropy  fields  were  also  determined  for  a  water 
suspension  of  extracted  magnetosome  chains  (M-2) 
as  a  function  of  drying  time  in  the  earth's  field. 
The  effect  of  drying  produces  an  increase  in 
volume  concentration.  The  results  showed  a 
dramatic  decrease  in  the  coercive  force  from  1?.8 
mT  for  a  wet  sample  to  3.7  mT  for  a  completely 
dried  sample.  The  distributions  of  also  shifted 
to  lower  values  as  the  sample  dried,  as  shown  in 


Table  I 

Coercive  forces  and  remanence  ralios  for  aligned  and  random 
dispersions  of  whole  cells 


Sample 

/C 

j,.,y 

(mT  1 

aligned 

28 

0.85 

random 

28 

0.53 

Fig.  4.  Comparison  of  anisotropy  field  disinhuiions  for  a 
random  dispersion  of  freeze-dried  whole  cells  (curve  A)  and  for 
magnetosome  chain.s  .separated  from  cell.s  for  samples  partially 
dried  after  30  min  (curve  B)  and  completely  dried  after  3  days 
(curve  C). 


fig.  4.  Moreover,  the  coercive  force  for  a  com¬ 
pletely  dried  sample  of  magnetosome  chains  was 
approximately  90%  lower  than  the  value  obtained 
for  a  sample  of  whole  cells  (M-l).  In  contrast. 
yyy^  decreased  only  slightly  from  0.53  (wet)  to 
0.41  (dried). 

Rotational  hysteresis  loss  1Tr(//)  as  a  function 
of  field  for  M-l  is  shown  in  fig.  5.  The  dimension¬ 
less  parameter,  f?,  = /[ff^( /y )/yj  dH^'.  de¬ 
pends  on  the  mode  of  magnetization  reversal  and 
provides  a  tneans  to  distinguish  between  coherent 
and  incoherent  modes  [26].  From  the  data  in  fig. 
5.  R,  is  equal  to  0.92  and  is  2.5  times  the  value 
predicted  by  the  SW  model  but  is  close  to  the 
value  of  1.02  that  is  predicted  for  a  random  as¬ 
sembly  of  particles  reversing  their  magnetization 
by  fanning  [26]. 
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Fig.  5.  Roiauonal  hysteresis  loss  versus  (in  mT)  for 
random  dispersion  of  freeze-dried  vshole  cells.  is  related  to 
the  experimental  rotational  lag  angle  a. 

Measurements  of  the  magnetic  orientation  of 
whole  cells  in  a  water  suspension  at  300  K  were 
made  with  a  SQUID  magnetometer.  The  magneti¬ 
zation  approached  saturation  for  fields  above  1.0 
mT,  as  expected  for  an  array  of  permanent  mag¬ 
netic  dipoles  with  moments  of  the  order  of  3  x 
10-’^  Am'. 

Hysteresis  loops  were  also  determined  for  the 
suspension  of  cells  after  freezing  in  an  applied 
field  in  the  SQUID  magnetometer.  By  measuring 
the  magnetic  moment  during  the  cooling  process, 
it  was  determined  that  the  suspension  froze  below 
265  K.  The  freezing  process  was  found  to  disrupt 


Fig  6.  Hysieresis  loop  for  a  suspension  of  fixed  cells  in  waier 
frozen  in  0  9  T  and  measured  in  SQUID  magneiomeier. 


H  { m  s  '  0  ) 

Fig.  7.  Relative  sample  hirefrmgence  of  suspension  of  wliole 
cells  in  water  as  a  function  of  applied  magnetic  field  The  solid 
curve  IS  the  best  fit  to  the  data  assuming  an  aser.ige  magnetic 
moment  per  cell  of  2  4x  10  .Xm" 

the  alignment  of  the  cells  to  an  extent  that 
depended  on  the  applied  field.  At  115  mT.  the 
moment  decreased  to  95%  of  the  saturation  value, 
but  at  10  mT,  the  moment  decreased  to  about  60% 
of  the  saturation  value.  The  reason  for  this  is 
unclear.  The  complete  hysteresis  loop  for  this  sam¬ 
ple  is  shown  in  fig.  6.  From  this  cu'^ve.  =  28 
mT  and  7,//,  =  0.91  and  agree  with  the  results  in 
table  1. 

4.2.  Magnetically  induced  birefringence 

Determination  of  the  average  magnetic  dipole 
moment  per  cell  was  made  by  measuring  the  mag¬ 
netically  induced  birefringence  of  the  freeze-dried 
cells  after  resuspension  in  water  [15].  The  data  in 
fig.  7  were  fitted  with  an  average  magnetic  mo¬ 
ment  per  cell  of  2.4  x  10"  Am'.  This  value  agrees 
with  results  from  other  studies  [14.15].  Using  an 
estimated  volume  of  Fe,04  per  cell  from  electron 
micrographs,  the  average  magnetic  moment  corre¬ 
sponded  to  about  10  magnetosomes  per  cell. 

4.3.  Acquisition  and  demagnetization  of  IRM 

Normalized  RM  curves  of  7,r(//)  and  7,^(7/) 
for  M-1  and  M-2  are  shown  in  fig.  8  and  coercisi- 
ties  and  spectral  parameters  are  listed  in  table  2. 
Both  samples  saturated  by  60  mT.  but  M-1  had  a 
slightly  narrower  coercivity  spectrum  for  IR.M 
acquisition  (table  2)  and  approached  saturation  at 
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Magnetic  Field  ml ; 


Fig  8.  Normalized  curves  of  acquisition  and  af  demagnetiza¬ 
tion  of  SIRM  for  (a)  freeze-dried  whole  cells  (M-I)  and  (b) 
freeze -dried  magnetosome  chains  separated  from  cells  (M-2). 


Table  2 

Coerciviiies  and  eoerciviiy  distribution  parameters  for  whole 
and  separated  magnetosomes 


Coercisity 

(mT) 

M-l 

M-2 

26.7 

3.7 

R, 

n.6 

16.6 

R, 

27,5 

22,4 

'A  2irm 

32,2 

9,0 

W, 

33,7 

12.3 

f/T 

0.53 

0,36 

0.50 

0.19 

(R,/R:).,„‘’ 

0.54 

0.17 

(  H. 

0.55 

0.30 

Distn'-'i'ion 

parameters  for  IR.M 

acquisition. 

’  Distribution  parameters  for  dc  demagnetization  of  SIR.M. 

Distnbution  parameters  for  af  demagnetization  of  SIRM. 
Distribution  parameters  for  af  demagnetization  of  0.1  mT 
ARM 


a  slightly  faster  rate  than  M-2.  In  contrast,  there 
were  marked  differences  between  samples  during 
the  demagnetization  of  SIRM.  as  illustrated  in  fig. 
8.  M-2  e.Khibited  a  wider  spectral  width  (//|//y, 
=  0.17),  SIRM  decayed  more  rapidly  with  //.  R 
was  equal  to  0.21.  complete  demugnetiztuion 
occurred  at  approximately  30  mT.  and  the  af 
demagnetization  spectrum  was  offset  towards 
lower  fields  with  respect  to  its  dc  magnetization 
spectrum.  For  .M-l.  however,  the  spectral  width 
was  narrower  (  H^/ =  0.54).  R  was  equal  to 
0.62.  complete  demagnetization  occurred  at  ap¬ 
proximately  60  mT.  and  the  af  demagnetization 


Magnetic  Field  (mT ) 


Magnetic  Field  (mT ) 


Fig.  9  Normalized  remanence  curses  as  a  function  of  the 
applied  field  for  tal  M-l  and  (hi  M-T  For  companson.  all 
curses  are  plotted  in  terms  of  the  af  demagnetization  curse 
according  to  ihc  Wohifarih  relationships  |eq.  (1)  of  test] 
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spectrum  was  offset  tow'ards  higher  fields  with 
respect  to  its  dc  magnetization  spectrum.  The  vari¬ 
ous  estimates  of  coercivities  were  also  significantly 
different  between  the  two  samples  (see  table  2). 
Ratios  of  and  H'/H,  were  1.17  and  1.00 

for  M-1  and  0.54  and  1.35  for  M-2. 

The  difference  in  demagnetization  characteris¬ 
tics  between  M-1  and  M-2  was  demonstrated  fur¬ 
ther  when  remanence  data  were  plotted  in  terms 
of  according  to  relations  (la-c).  The  re¬ 

sults  are  shown  in  fig.  9  and  confirmed  that  M-1 
e-xhibited  type  11  behavior,  whereas  M-2  exhibited 
type  I  behavior  using  the  classification  scheme  of 
Kneller  [26].  The  results  also  illustrated  that  the 
most  efficient  method  for  erasing  an  SIRM  was  af 
demagnetization  in  M-2  and  dc  demagnetization 
in  M-1.  It  should  be  noted,  however,  that  when 
multi-axis  af  demagnetization  was  employed,  it 
was  found  to  be  more  efficient  than  either  single¬ 
axis  af  or  dc  demagnetization  methods.  Further¬ 
more,  the  R  parameter  determined  from  multi-axis 
af  demagnetization  of  SIRM  was  lower  than  its 
value  obtained  from  single-axis  demagnetization 
(23]. 

4.4.  Anhysteretic  remanent  magnetization 

Fig.  10  compare  ARM  induction  curves  for 
M-1  and  M-2.  The  approach  to  saturation  was 
much  more  rapid  in  M-1  and  M-2.  For  example, 
the  ARM  of  M-1  was  approximately  70%  of 
saturation  in  a  field  of  only  0.6  mT,  whereas  M-2 


Fig  10.  Normalized  acquisiuon  of  anhystereiic  remanem  mag¬ 
netization  as  a  function  of  applied  dc  field  for  M-I  and  M-2. 


Fig.  11.  .Normalized  af  demagnetization  curves  of  ARM  and 
SIRM.  ARM  vsas  acquired  m  dc  field  of  0.1  mT 


w'as  barely  at  10%  of  saturation  in  the  same  field. 
As  a  comparison,  for  comparable  sized  dispersed 
single-domain  powders.  ARM  was  less  than  30% 
of  saturation  by  0.6  mT  [27.28].  Initial  anhys¬ 
teretic  susceptibilities  (actually  Xjrm/SIRM)  were 
2.68  (kA/m)"'  and  0.13  (kA/m)'’  for  M-1  and 
M-2.  respectively, 

4.5.  Lowrie- Fuller  test 

A  commonly  used  procedure  in  rock  mag¬ 
netism  is  the  Lowrie-Fuller  test  [29,30],  in  w'hich 
the  af  demagnetization  spectra  of  a  strong-field 
remanence,  such  as  SIRM.  is  compared  to  a 
weak-field  remanence.  such  as  ARM.  This  test  has 
been  shown  to  discriminate  between  SD-like  and 
MD-like  particles.  For  example,  weak-field  ARM 
in  SD  and  small  MD  particles  exhibit  more  resis¬ 
tance  to  af  demagnetization  than  strong-field  IRM. 
whereas  large  MD  particles  exhibit  the  opposite 
behavior  (see  ref.  [30]  for  a  complete  discussion). 

The  results  of  the  Lowrie-Fuller  test  for  M-1 
and  M-2  are  shown  in  fig.  11  and  predicted  that 
the  domain  state  was  SD.  as  one  would  have 
suspected  based  on  particle  size  alone.  The  ARM 
and  SIRM  demagnetization  curx'es  were  also  simi¬ 
lar  in  form  for  each  sample  but  quite  different 
between  samples.  The  initial  plateaus  in  the  ARM 
and  SIRM  curves  in  M-1.  which  were  missing  in 
.M-2.  indicated  that  a  threshold  field  must  be 
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reached  before  demagnetization  started.  In  con¬ 
trast.  the  rapid  demagnetization  of  ARM  and 
SIRM  in  M-2.  reminiscent  of  demagnetization 
curves  for  multi-domain  materials,  suggested  that 
moments  with  sery-  low  coercivities  were  present. 
Variable  and  strong  interaction  fields  in  M-2  may 
be  responsible  for  its  low  st.ihility  to  af  demagne¬ 
tization.  The  results  of  fig.  11  also  demonstrated 
that  interactions  in  SD  materials  apparently  do 
not  effect  the  outcome  of  the  Lowrie- Fuller  test 
and  agree  with  results  obtained  by  Cisowski  [23]. 

The  ARM  and  SIRM  data  can  be  compared 
directly  to  results  given  in  ref.  (Sj,  which  were 
obtained  from  Lieep-sea  sediments  that  possibly 
contained  biogenic  magnetite.  Petersen  et  al.  [8] 
used  the  parameters  ALF  =  zirm- 

ARM/SIRM,  and  distinguish  between 

biogenic  SD  and  inorganic  MD  magnetite.  The 
magnetic  properties  of  some  of  their  samples, 
which  were  later  found  to  contain  magnetite  par¬ 
ticles  with  morphologies  that  suggested  a  biogenic 
origin,  fell  within  a  narrow  range  of  values  (their 
A  component)  with  ALF  =  4. 5-7.0  mT,  ARM/ 
SIR.M  =  0.07-0.10  and  W,  .;„„  =  12-15  mT.  By 
contrast,  our  magnetic  results  on  biogenic  mag¬ 
netite  were  significantly  different  from  those  at¬ 
tributed  to  their  component;  specifically.  ALF 
=  1.5  mT.  ARM/SIRM  =0.11  and  =  32.2 

mT  for  M-1  and  ALF  =  3.3,  ARM/SIRM  =  0.005 
and  //i/2irm  9  0 

4.6.  Viscous  remanent  magnetization 

There  were  also  significant  differences  in  VRM 
behavior  between  M-1  and  M-2.  The  viscous  mo¬ 
ments  normalized  to  SIRM,  acquired  in  a  steady- 
field  of  0.5  mT  after  t^  =  16  h,  were  approximately 
0.08%  for  M-1  and  0.76%  for  M-2.  The  zero  field 
decay  of  VRM  is  shown  in  fig.  12  The  experimen¬ 
tal  decay  curves  were  fitted  to  polynomial  func¬ 
tions  in  In  t  by  step-wise  regression.  For  decay 
times  /j  less  than  f^.M-l  exhibited  a  linear  loga¬ 
rithmic  decay  (VRM  a  In  /).  In  contrast,  the  best 
fit  polynomial  for  M-2  consisted  of  a  constant 
term  plus  a  term  proportional  to  (In  t)\  After  16 
('d  ^  'al-  the  decay  curses  started  to  tail  off  but 
with  a  significant  fraction  (40-50%)  of  the  original 
VRM  remaimng  after  a  decay  time  equal  to  the 


Fig.  12.  Normalized  zero-field  decay  of  VRM  Solid  lines  are 
besi  fit  polynomials  in  In  i  to  the  data. 

original  exposure  time,  this  effect  being  more  pro¬ 
nounced  in  M-2.  In  other  words,  acquisition  of 
VRM  proceeded  more  rapidly  than  its  subsequent 
decay. 

5.  Discussion 

5.1.  Magnetostatic  interactions 

Magnetostatic  interactions  are  most  likely  re¬ 
sponsible  for  the  marked  contrast  between  the 
magnetization  and  demagnetization  characteristics 
of  M-1  and  M-2.  Stronger  particle  interactions  are 
assumed  to  correspond  to  greater  degree  of  par¬ 
ticle  agglomerations.  Particle  agglomeration  is 
much  more  likely  to  occur  in  M-2  because  the 
extracted  magnetosome  chains  are  no  longer  sep¬ 
arated  by  the  cell  membranes  and  cytoplasm  of 
the  bacteria  and.  hence,  are  closer  together  on 
average.  In  this  case,  the  interaction  fields  make  it 
more  difficult  to  magnetize  than  to  demagnetize  a 
sample  (type  I  behavior).  The  offsets  between  the 
coercivity  spectra,  as  observed  in  M-2.  also  have 
been  observed  in  rocks,  dispersed  magnetic 
powders  and  magnetic  recording  media  [21.23.25]. 
In  contrast,  the  individual  chains  arc  still  intact 
within  the  bacteria  in  M-l  and  are  therefore  sep¬ 
arated  from  one  another  b>'  the  cell  membranes 
and  cytopl.ism.  Thus,  agglomeration  of  the  chains 
should  be  reduced  considerably.  In  this  case,  the 
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af  spectra  are  shifted  towards  higher  fields  and  the 
dc  spectra  are  shifted  towards  lower  fields.  The 
apparent  reduction  in  agglomeration  is  apparently 
sufficient  to  produce  type  II  behavior,  but  interac¬ 
tions  must  still  be  important  in  M-1;  otherwise, 
the  RM  curs'es  should  be  described  exactly  by  the 
Wohlfarth  relations.  This  type  of  behavior  has  not 
been  reported  in  samples  consisting  of  dispersed 
powders,  although  it  has  been  observed  in  certain 
precipitation  alloys  [26]. 

It  is  well  known  that  magnetic  interactions  are 
responsible  for  ARM  properties  [26].  An  estimate 
of  the  magnitude  of  the  interaction  fields  in  M-1 
and  M-2  can  be  obtained  from  the  ARM  results 
following  Jaep  [31.32].  Strictly  speaking,  Jaep's 
theory  is  valid  only  for  interactions  that  are  long- 
range  and  can  be  modeled  by  a  mean  field  ap¬ 
proximation  [33];  however,  adjusting  the  theory  to 
take  into  account  short-range  interactions  results 
in  a  similar  equation  of  ARM  [33].  For  the  region 
where  the  intensity  of  ARM  is  linearly  dependent 
on  the  external  field  the  ARM  in  an  ensemble 
of  interacting  single-domain  grains  is  approxi¬ 
mately, 

ARM/SIRM  =  (2) 

where  is  the  applied  field.  X  is  the  interaction 
field,  2nd  the  subscript  “b” 

refers  to  the  value  of  the  parameter  at  the  blocking 
temperature  [31,32].  However,  the  experimental 
blocking  temperature  and.  subsequently  B  and  X, 
for  the  bacterial  magnetites  were  not  determined 
directly  because  of  the  possible  adverse  chemical 
changes  which  could  be  induced  by  heating  the 
sample  close  to  its  Curie  temperature.  Neverthe¬ 
less,  estimates  of  X  can  still  be  obtained  from 
estimates  of  B  by  using  reasonable  limits  for  as 
follows. 

The  parameter  B  was  calculated  for  different 
values  of  at  5°  intervals  between  500  and 
575  °C  with  7,  taken  from  Pauthenet  [34].  X  was 
then  determined  using  eq.  (2)  and  the  initial  slope 
of  the  ARM  induction  curve  (fig.  10).  Using  the 
limits  for  T^.  X  was  found  to  very  between  0.012 
and  0.065  mT  for  M-1,  and  between  0.98  and  2.4 
mT  for  M-2  and  indicated  that  the  interaction 
fields  were  appro,ximately  50  times  greater  in  M-2. 


In  addition,  an  average  distance  between  chains  of 
particles  (assuming  an  average  chain  length  of  10 
particles)  that  would  be  necessary  to  produce  a 
field  equal  to  X  was  also  determined.  This  calcula¬ 
tion  predicted  that  the  particle  chains  were  1-3 
(im  apart  in  M-1.  but  only  0.3-0. 4  jcm  apart  in 
M-2.  The  former  estimate  was  consistent  with  the 
average  size  of  an  individual  bacterium. 

The  lime  dependence  of  magnetization  can  also 
be  related  qualitatively  to  the  degree  of  panicle 
interactions.  For  example,  most  theories  of  mag¬ 
netic  vis..osity  for  non-interacting  SD  particles 
predict  a  linear  In  r  dependence  of  magnetization 
[35],  However,  the  time  dependence  commonly 
observed  is  non-linear  in  In  t  for  many  rocks, 
dilute  fine-particle  dispersions  and  spin  glasses 
(e.g.,  refs.  [36-40]).  Using  a  mean  random  field 
approach.  Walton  and  Dunlop  [39]  predicted  that 
the  aquisition  and  decay  of  VRM  should  follow  a 
polynomial  In  t  dependence.  As  our  ARM  results 
suggested,  interactions  fields  were  much  lower  in 
M-1.  which  exhibited  a  linear  In  t  dependence, 
than  in  M-2,  which  did  not.  The  distinct  curvature 
exhibited  by  the  time  dependence  of  magnetiza¬ 
tion  of  M-2  has  also  been  observed  in  synthetic 
SD  and  small  MD  magnetites  [36]. 

However,  to  explain  the  observation  that 
acquisition  of  VRM  is  faster  than  the  correspond¬ 
ing  decay,  a  different  distribution  of  activation 
times  must  be  involved  during  acquisition  and 
decay.  It  is  possible  that  a  distribution  of  interac¬ 
tions  fields  could  produce  the  asymmetry  between 
acquisition  in  an  external  field  and  decay  in  zero 
field.  This  asymmetry  has  also  been  observed  in 
many  other  SD  and  MD  materials  (e.g..  refs. 
[36,37]);  however,  there  is  not  yet  a  satisfactory 
theoretical  explanation  for  this  observation. 

5.2.  Bacterial  versus  synthetic  magnetite 

The  results  of  our  experiments  also  offer  an 
excellent  opportunity  to  compare  and  contrast  the 
magnetic  properties  of  bacterial  magnetite  to  com¬ 
parably  size  synthetic  magnetite,  particularly  con¬ 
cerning  the  role  of  magnetostatic  interactions.  The 
importance  of  interactions  is  dispersed  magnetic 
powders  has  been  suggested  often  (e.g.  refs. 
[21.23,26]).  Invariably,  for  samples  consisting  of 
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diluje  dispersions  of  magnetite  in  a  non-magnetic 
matrix,  particle  interactions  are  prevalent  due  to 
particle  agglomerations.  Moreover,  most  synthetic 
magnetites  are  compared  of  a  distribution  of  par¬ 
ticle  sizes.  The  combined  effects  of  magnetostatic 
interactions  and  a  distribution  of  particle  sizes 
play  an  important  role  in  determining  the  mag¬ 
netic  properties  of  an  ensemble  of  SD  particles. 
The  separation  of  these  two  effects  is  particularly 
important  for  various  methods  of  magnetic 
granulometry,  which  are  being  used  in  many  stud¬ 
ies  of  the  environmental  applications  of  mag¬ 
netism  fe.g.,  ref.  [41]).  The  narrow  particle  size 
distribution  of  the  bacterial  magnetite  effectively 
removes  particle  size  as  a  variable;  hence,  dif¬ 
ferences  in  magnetic  properties  between  the 
freeze-dried  samples  should  be  due  to  interactions 
alone. 

Magnetic  properties  of  synthetic  magnetites 
have  been  taken  from  the  rock  magnetic  literature 
[21.42-45]  and  included:  (1)  chemically  precipi¬ 
tated  equidimensional  particles,  with  grain  sizes 
ranging  from  25  to  220  nm;  and  (2)  acicular 
particles  w  ith  axial  ratios  of  8  ;  1  and  7 : 1  and 
absolute  dimensions  of  30  X  200  nm^  and  40  X 
3500  m*,  respectively.  The  acicular  particles  have 
similar  grain  dimensions  to  the  magnetosome 
chains  in  M-1.  These  samples  were  chosen  for 


Table  3 

Magneiic  parameters  of  bacierial  and  synthetic  magnetite 


Parameter 

M-1 

M-2 

Cubic  *' 

Acicular 

Xarm  / Xo 

148.7 

1.46 

5.19- 

9.76 

5.98- 

38.2 

X„„/SIRM 
(1/kAm  ') 

2.bli 

0.125 

0.150- 

0.188 

0.113 

XoA  (  X  10'-' 

9.86 

34.88 

8.75 

6.87 

(1/kAm  ')) 

SIRM/Xo 
(k.Am  ') 

55.58 

11.73 

32.08- 

51.68 

53.12 

s,/J. 

0.26 

0.92 

0.60 

- 

(xlO'*) 

0.53 

0.41 

0.28 

0.36- 

0.45 

H,/H, 

1.02 

4.49 

1-2 

1-2 

•’  Values  were  interpolated  for  a  grain  size  of  42  nm.  Results 
were  taken  from  refs.  |42-45). 

Acicular  magnetites  were  30  x  200  nm*  (45]  and  40x350 
nm’  (King,  unpublished). 


Table  4 

Coercivitlcs  of  bacterial  and  synthetic  magnetites 


Coerciviiv 

(mT) 

M-1 

M-2 

Cubic 

.Acicular 

26.7 

3.7 

21.3 

.30.5-43.8 

Hr 

ll.b 

16.6 

38.4 

50.5-6U.0 

h; 

27.5 

22.4 

50.6 

67.7 

/2iffn 

32.2 

9.0 

28.3 

43.4 

Ijkttn 

33.7 

12.3 

- 

57.1 

•*'  Values  were  inierpolaied  for  a  gram  size  of  42  nm.  Results 
were  taken  from  ref  121). 

Acicular  magnetiics  were  30x200  nm’  [21]  and  40x.t50 
nm’  (44]. 

comparison  because  their  ARM.  SIRM.  Xn-  Sj 
and  coercivity  data  were  available  in  the  literature. 
Additionally,  to  eliminate  errors  arising  from  un¬ 
certainties  in  the  concentration  of  magnetite  in 
our  samples,  ratios  of  magneiic  parameters  that 
are  independent  of  concentration  were  used  for 
comparisons.  Parameter  ratios  are  summarized  in 
table  3  and  coercivity  data  are  summarized  in 
table  4. 

5.2.1.  Parameter  ratios 

Particle  iiuciaciions  should  have  a  pronounced 
effect  on  the  ratios  Xarm/Xo  and  Xarm/SIRM  with 
Xarm  decreasing  and  Xo  increasing  with  the 
strength  of  the  interaction  field  [26].  The  ratios 
Xarm/Xo  and  Xarm/SIRM  for  M-2  were  similar  to, 
but  slightly  lower  than,  those  for  the  equani  mag¬ 
netites.  On  the  other  hand,  the  same  ratios  for 
M-1  were  at  least  10  limes  higher  than  the  equani 
magnetites  and  4-10  times  higher  than  the  acicu¬ 
lar  magnetites.  The  similar  ARM  results  between 
M-2  and  the  synthetic  magnetites  suggest  that 
similar  interactions,  presumably  due  to  agglomer¬ 
ation  effects  are  responsible  for  ARM  in  both 
types  of  materials.  This  conclusion  is  supported 
further  by  the  observation  that  all  synthetic  dis¬ 
persed  magnetites  exhibit  type  I  behavior  [21.23], 
just  like  M-2.  Significantly,  it  is  interesting  to  note 
that  the  volume  percent  of  magnetite  in  M-2  is 
higher  than  the  dispersed  synthetic  powders  and 
suggests  that  dilution  alone  does  not  reduce  ag¬ 
glomeration.  The  higher  values  of  Xarm/Xo 
Xarm/SIRM  for  M-1.  Undoubtedly  related  to  the 
reduced  effects  of  agglomerations,  indicate  that 
acicular  magnetite  is  not  a  good  analog  for  ARM 
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in  M-1.  even  though  the  particle  dimensions  are 
approximately  the  same. 

The  Xo/J^  and  SIRM/xo  parameters  for  M-1 
were  at  the  high  end  of  the  range  of  values  re¬ 
ported  for  synthetic  magnetites  (table  3).  By  con¬ 
trast,  for  M-2,  ''■as  higher  and  SIRM/x„ 

lower  than  the  values  in  M-1  and  the  synthetic 
magnetites.  The  effects  of  particle  agglomerations 
on  Xo  are  probably  responsible  for  these  dif¬ 
ferences  because  the  effects  of  agglomerations  on 
the  intensity  of  SIRM  appear  to  be  minor,  as 
evidenced  by  the  smaller  decrease  in  7,/^,  be¬ 
tween  M-1  and  M-2  (table  3).  Particle  agglomera¬ 
tions  can  produce  an  increase  in  '  by  effectively 
producing  a  general  decrease  in  shape  anisotropy 
in  a  dispersion  of  particles.  The  shift  in  the  ani¬ 
sotropy  field  distribution  toward  lower  fields  with 
drying  time  (or  equivalently  with  increasing  ag¬ 
glomeration.  see  fig.  4)  is  consistent  with  a  de¬ 
crease  in  shape  anisotropy. 

The  ratio  for  the  bacterial  and  synthetic 
magnetites,  reduced  to  fi  =  0.1  mT,  is  shown  in 
table  3.  The  trend  in  this  ratio,  M-2  >  equanl 
magnetite  >  M-1,  corresponds  to  the  increase  in 
the  volume  concentration  of  magnetite  in  each 
sample  and  suggests  that  increased  particle  inter¬ 
actions  also  increases  the  viscosity  coefficient. 

J.J.2.  Coercivity 

Values  of  coercivities  for  bacterial  and  syn¬ 
thetic  magnetites  are  summarized  in  table  4.  For 
M-1,  and  //,/2  were  higher  and  H,  and  /// 
lower  than  they  were  for  equant  magnetites  and 
reflected  the  difference  between  the  interaction 
fields  in  type  1  (synthetic  equant  magnetite)  and 
type  II  (M-1)  materials.  Dankers  [24]  observed 
that  in  weakly  magnetic  SD  hematite,  where  inter¬ 
actions  should  be  negligible,  //,'  =  H,,  in  agree¬ 
ment  with  the  results  for  M-1.  In  contrast,  M-2 
had  //,'  >  H,.  as  well  as  much  lower  coercivities 
than  observed  in  the  synthetic  magnetites,  pre¬ 
sumably  due  to  the  increased  in  particle  interac¬ 
tions  in  M-2.  However.  Dunlop  [45]  observed  only 
minor  changes  in  coercivity  in  nearly  SD  sized 
magnetites  with  concentrations  up  to  30fc  by 
volume. 

Whereas  the  absolute  values  of  coercivities  be¬ 
tween  M-2  and  the  synthetic  magnetites  are  differ- 


ent,  the  ratios  //, .  ;///,  ^nd  /Hi  are  not.  For 
e.xample.  Dunlop  [21]  found  that  H'/H,  = 
1.25-1.38  and  //,  o/H,  =  0.62-0.86  for  dispersed 
SD  magnetites.  In  comparison,  in  M-2.  H'/H,= 
1.35  and  //,  ,-///,  =  0.54.  However,  the  similar 
value  of  these  ratio'^  for  the  two  sets  of  samples  is 
only  an  expression  of  the  more  general  relation¬ 
ship.  H'  +  //,  2  =  2H,,  which  was  found  to  hold 
for  dispersed  samples  of  magnetite  ranging  in  size 
from  0.1  to  250  fim  [21,24].  According  to  Kneller 
[26],  +  //, .  -  =  2/fr  is  predicted  for  interacting 

type  I  SD  materials,  in  which  interactions  can  be 
modeled  by  a  mean  field  approximation.  How¬ 
ever.  M-1,  a  type  II  material,  also  approximately 
obeys  this  relationship,  so  its  significance  is  un¬ 
clear. 

It  is  also  interesting  to  compare  the  ratio  H,/H^ 
between  sample  M-1  and  M-2  (table  3).  Theoreti¬ 
cally,  in  a  randomly  oriented  ensemble  of  coher¬ 
ently  reversing  SD  particles,  1  <  H,/H^  <  2  [26]. 
The  data  for  M-1  and  the  synthetic  magnetites 
agree  with  the  predicted  SD  values.  However. 
H,/H^  for  M-2  is  significantly  higher  than  predic¬ 
ted.  The  high  value  of  is  due  to  the  much 

greater  decrease  of  when  the  magnetosomes 
are  extracted  from  the  cells.  H,.  decreases  nearly 
90%  but  H,  decreases  only  40%  upon  extraction. 
High  values  of  H,/H^  often  indicate  the  presence 
of  SP  particles  or  a  mixture  of  soft  and  hard 
coercivity  components  [26],  although  in  our  case 
SP  particles  seem  unlikely.  On  the  other  hand, 
interactions  may  either  produce  low  coercivity 
components  or  produce  an  increase  in  susceptibil¬ 
ity  such  that  J,  is  balanced  only  by  the  induced 
magnetization  -Xo^c  l^l]-  The  af  demagnetiza¬ 
tion  of  SIRM  and  ARM  for  M-2.  however,  is 
consistent  with  low  coercivity  moments. 

5.3.  Cham-of-spheres  model 

The  SW  model  for  coherent  rotation  of  magne¬ 
tization  due  to  shape  anisotropy  predicts  that  the 
coercive  force  in  M-1  should  be  approximately 
140  mT  for  an  axial  ratio  of  10  ;1  (i.e,.  a  chain 
length  of  10  particles).  The  much  lower  observed 
coercive  force  of  23.8  mT  in  M-1  suggests  a  non¬ 
coherent  reversal  mechanism.  A  likely  mechani.sm 
for  moment  reversal  along  a  chain  of  magneto- 
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somes  is  the  fanning  or  chain  of  spheres  model 
[18].  as  first  suggested  he  Denham  et  al.  [16]. 

The  chain-of-spheres  model  was  originally  de- 
\eloped  til  explain  the  ci'ercive  force  in  elongated 
single  domain  grains  [18],  This  model  should  be 
ideal  to  describe  the  reversal  mode  in  M-1  because 
of  the  unique  linear  arrangement  of  equidimen- 
sional  particles  in  bacterium.  Experimental  values 
for  the  rotational  hysteresis  integral  and  the  ratio 
of  coercive  forces  for  random  and  aligned  sample 
for  M-1  are  compared  with  predictions  based  on 
the  SW  and  chain-of-spheres  models  in  table  5. 
The  experimental  data  are  in  excellent  agreement 
with  the  chain-of-spheres  model. 

In  the  original  chain-of-spheres  calculations 
[IS],  however,  the  spheres  were  assumed  to  be 
touching.  It  is  clear  from  electron  micrographs 
that  this  is  not  the  case  for  magnetosomes  in 
magnetotactic  bacteria.  To  account  for  a  finite 
separation  distance,  the  model  coercive  forces  must 
be  reduced  by  (1  +  /?)'\  where  =  x/a.  a  is  the 
particle  diameter  and  x  is  the  separation  distance. 
This  correction  assumes  that  /?  is  a  constant  along 
the  chain  length  in  an  individual  bacterium. 
Coercive  force  for  randomly  oriented  chains  as  a 
function  of  /?  are  plotted  in  fig.  13  for  three 
different  reversal  models  [18]:  (1)  symmetric  fan¬ 
ning  (model  A),  where  the  magnitude  of  the  angle 
of  fanning  is  constant  along  the  length  of  the 
chain;  (2)  non-symmetric  fanning  (model  A'), 
where  the  angle  of  fanning  is  not  constant;  and  (3) 
parallel  rotation  (model  B).  The  results  of  these 
calculations  are  as  follows. 

First  increases  continuously  with  chain 
length  for  both  models  A  and  B,  whereas,  in 
model  ,A'.  is  nearly  independent  of  chain  length 
for  n  greater  than  6  (18).  Second,  the  values  for  /? 
estimated  from  the  observed  coercive  force  for 


Table  5 

Calculaied  and  obser\cd  values  for  selected  magnetic  parame¬ 
ters  Mixlel  salues  are  based  on  an  ensemble  of  random 
uniavial  particlev 


Pjramcier 

SW 

Fanning 

M-1 

model 

model 

K, 

o.m 

i.o: 

0.92 

W. (random i/7f  (aligned) 

0  479 

1  OS-1,13 

0,93 

Be  in 


Fig,  13.  Coercive  forces  for  a  randomly  oriented  cbaiii  of 
spheres  as  a  function  of  sphere  separation  (/?).  Model  calcula¬ 
tions  are  based  on  the  the  chain  of  spheres  model  [IS).  The 
dark  supple  curve  is  for  parallel  rotation  (model  B).  the  light 
stipple  curve  is  for  symmetric  fanning  (model  A),  and  the  solid 
curve  is  for  non-symmeiric  fanning  (model  A' |.  The  width  of 
each  curve  take.s  into  account  different  chain  lengths  from  6  to 

an  infinite  number  of  spheres.  See  text  for  further  details. 

M-1  {H^  =  26.1  mT)  using  fig.  13  are  (1)  0.25  for 
model  A'.  (2)  0.37-0.46  fo:  model  A  and  (3) 
0.8-0.9  for  model  B.  Models  A  and  A'  predict 
values  of  /?  that  are  consistent  with  obserx'ation 
(jr  =  3-18  nm,  /?«  0.07-0.43  [3]).  In  contrast, 
model  B  predicts  values  of  (i  that  are  too  high  and 
therefore  it  seems  unlikely  that  coherent  rotation 
is  important.  Third,  to  account  for  the  observed 
coercivity  spectrum  (i.e.,  H^/H-  *  1.  see  table  1), 
or  the  distribution  of  anisotropy  fields  (fig.  3)  in 
M-1,  either  a  distribution  in  chain  length  (model 
A  only),  or  a  distribution  of  /S  (model  A  or  A'),  or 
both,  must  be  assumed.  Finally,  it  is  interesting  to 
note  that  the  acicular  magnetites  had  significantly 
higher  values  of  coercivity  than  M-1  (see  table  4). 
even  though  the  particle  dimensions  were  com¬ 
parable.  This  disagreement  may  partly  reflect  ihe 
finite  .separation  of  magnetosomes  along  the  chain 
length.  This  result  may  also  indicate  a  completely 
different  reversal  mechanisms  for  acicular  par¬ 
ticles  as  suggested  by  Knowles  [46]. 

5.4.  [mplicattons  for  paleoma^netism 

Despite  the  successes  of  paleomagnetism.  the 
mechanLsms  by  which  the  remanent  magnetization 
of  marine  sediments  is  acquired,  and  subsequently 
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retained  over  geologic  time  remains  poorly  under¬ 
stood.  Rock  magnetic  studies  indicate  that  the 
remanence  in  many  marine  sediments  reside  in 
SD-like  particles  of  magnetite  (e.g.,  ref.  [47]).  Yet, 
the  exact  identification  of  these  panicles,  in  many 
cases,  has  not  been  made.  Since  the  discovery  of 
magnetotactic  bacteria,  it  has  been  suggested  that 
fossil  biogenic  SD  magnetite  may  be  the  primary 
carrier  of  remanent  magnetization  in  marine  sedi¬ 
ment  [6-10]. 

Petersen  et  al.  [8]  proposed  some  simple  mag¬ 
netic  measurements  to  demonstrate  the  existence 
of  biogenic  magnetite  in  deep-sea  sediments. 
However,  our  results,  using  the  same  measure¬ 
ments.  are  not  consistent  with  those  in  ref.  [8j. 
There  are  several  possible  explanations  for  this 
discrepancy.  First,  the  parameters  used  in  ref.  [8J 
are  likely  to  distinguish  between  any  type  of  SD 
from  MD  particle,  and  not  just  biogenic  mag¬ 
netite.  Second,  we  do  not  know  if  different  species, 
or  ancient  species,  of  magnetotactic  bacteria  would 
exhibit  slightly  different  magnetic  properties. 
Third,  the  fossil  biogenic  magnetite  could  con¬ 
ceivably  act  as  individual  particles,  whereas  in  our 
samples  they  are  still  in  chains.  For  all  these 
reasons,  it  is  not  too  surprising  that  our  results 
differ  significantly  from  those  in  ref.  [8]. 

The  SD  nature  of  magneiosomes  is  clearly  dem¬ 
onstrated.  The  problem  is  how  the  magnetosomes 
are  incorporated  into  the  sediments.  Do  the  chains 
remain  intact,  or  do  the  individual  particles  sep¬ 
arate  and  then  agglomerate?  Preliminary  results 
[7-10]  suggests  that  the  chains  remain  intact  after 
deposition.  If  so,  the  marked  contrast  between 
acquisition  and  demagnetization  of  SIRM  (fig.  8) 
for  M-1  and  M-2  would  suggest  a  simple  magnetic 
test  for  the  presence  of  magnetosome  chains.  The 
unique  type  II  behavior  exhibited  by  M-1  would 
be  diagnostic  for  intact  magnetosomes.  However, 
several  factors  could  serve  to  mask  the  type  II 
behavior.  As  far  as  we  know,  all  non-biogenic 
magnetic  phases  in  rocks  exhibit  type  I  behavior. 
Therefore,  the  presence  of  any  non-biogenic  mag¬ 
netite  or  any  other  magnetic  phases,  in  sufficient 
quantity,  could  dominate  the  SIRM  behavior.  Fi¬ 
nally.  our  results  suggest  that  until  a  type  II 
response  is  observed  in  marine  .sediments,  electron 
microscope  observation  of  magnetite  morpholo¬ 


gies  is  the  only  unambiguous  technique  for  dis¬ 
tinguishing  between  lithogenic  and  biogenic  mag¬ 
netite. 


6.  Conclusions 

(1)  Freeze-dried  powders  of  A.  ma^netotucti- 
cum  containing  either  intact  whole  cells  (.M-1)  or 
magnetosome  chains  separated  from  cells  (M-2) 
exhibited  single-domain  behavior. 

(2)  An  average  magnetic  dipole  moment  per 
cell  of  2.4  X  10"”  Anr  was  determined  by  mag¬ 
netically  induced  birefringence.  The  average  mag¬ 
netic  moment  corresponded  to  about  10  magneto¬ 
somes  per  cell, 

(3)  The  acquisition  and  demagnetization  of 
IRM  and  ARM  and  the  time  dependence  of  VRM 
were  significantly  different  between  M-1  and  M-2. 
This  contrast  in  magnetic  behavior  was  attributed 
to  different  degrees  of  particle  agglomerations  or. 
equiv'alently.  to  differences  in  the  strength  of  the 
interaction  fields  in  each  .sample.  Particle  ag¬ 
glomeration  was  greater  and  interaction  fields 
larger  in  M-2  because  the  extracted  magnetosomes 
chains  were  no  longer  separated  from  one  another 
by  the  cell  membranes  and  cytoplasm  of  the 
bacteria. 

(4)  AF  demagnetization  spectrum  of  SIRM  was 
shifted  towards  higher  fields  with  respect  to  the  dc 
spectra  for  M-1,  whereas  the  opposite  behavior 
was  observed  for  M-2.  According  to  the  classifi¬ 
cation  scheme  of  Kneller  [26];  M-1  and  M-2  ex¬ 
hibited  type  II  and  type  I  behavior,  respectively. 
The  reason  for  this  difference,  although  qualita¬ 
tively  related  to  magnetostatic  interactions,  was 
unclear. 

(5)  M-1  exhibited  magnetic  properties  that  were 
markedly  different  from  those  in  synthetic  disper¬ 
sed  powders  of  comparable  grain  size. 

(6)  The  chain-of-spheres  model  predicted  val¬ 
ues  for  the  coercive  force,  the  rotational  hysteresis 
parameter,  and  the  ratio  W^.(random)/7/,^^(aligned) 
that  agreed  with  experimental  values  for  M-1.  This 
model  was  consistent  with  unique  linear  arrange¬ 
ment  of  equidimensional  single-domain  particles 
in  A.  niagnetoiacricuni. 
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(7)  The  unique  type  II  behavior  of  M-1  would 
suggest  a  simple  magnetic  method  for  determining 
the  presence  of  intact  magnetosome  chains  in  sedi¬ 
ments.  although  several  factors  could  mask  this 
effect  in  natural  samples. 
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Introduction 

As  indicated  by  the  contributions  to  this  symposium,  microbes  and  metals  ihttjract  in 
a  multitude  of  ways,  in  which  the  latter  may  have  roles  ranging  from  being  vital  structural 
and  functional  cell  components  to  being  toxic  agents.  The  magnctotactic  bacteria 
(Blakcmorc.  1975,  1982;  Frankcl,  1982)  transform  extracellular  iron  into  the 
mixed-valence  iron  oxide  mineral  magnetite  (Fe304)  comprising  an  intracellular 
magnetic  navigational  apparatus  (Figure  7);  they  provide  a  fascinating  example  of  the 
seemingly  unlimited  capacity  of  life  to  adapt  to  the  physical  and’chemical  world,  Readers 
interested  in  the  role  of  biogenic  magnetite  in  magnetotaxis  and  cell  navigation  in  the 
magnetotactic  bacteria  and  other  organisms  are  referred  to  several  reviews  (Frankcl, 
1982,  1984;  Blakemore,  1982;  Blakcmore  et  al.,  1988). 

A  purpose  of  this  chapter  is  to  give  further  emphasis,  to  the  poorly  characterized 
physiological  group  of  bacteria,  the  'dissimilatory  iron-reducers’  (a  term  first  suggesf  cd 
in  a  footnote  on  page  190  of  Ehrlich,  1981;  see  also  Short  and  Blakemore,  I9S6; 
Lovicy,  1987)  by  reviewing  aspects  of  those  members  that  produce  magnetite  as  a 
biomineralization  product.  The  term  ‘magnetogenic’  bacteria  is  proposed  for  these 
dissimilatory  iron  reducers.  As  is  apparent  from  study  of  their  physiology,  occurrence 
and  distribution,  the  magnetotactic  bacteria  appear  to  be  (facultative)  dissimilatory 
iron-reducers.  Recently,  dissimilatory  iron-reducing  bacteria  which  produce  extracellular 
magnetite  have  been  reported  (Lovley  et  al.,  1987;  Bell  et  al.,  1987).  Each  of  these 
types  of  magnetogens  carries  out  a  different  manner  of  biomincralization,  producing 
different  forms  of  the  same  mineral.  Bacterial  magnetite,  especially  as  being  a 
biomineralization  product  of  these  bacteria  and  a  mineral  of  biogeochemical  interest, 
is  examined  in  more  detail  in  the  pages  which  follow.  Recent  reviews  by  Lovley  (19  7) 
and  Jones  (1986)  provide  a  more  comprehensive  treatment  of  the  broader  subject  of 
dissimilatory  iron  reduction  by  microorganisms. 

Prokaryotes  and  respiratory  diversity 

Diversity  is  a  hallmark  of  prokaryotes.  As  with  eukaryotes,  this  is  evident  from  their 
great  variation  in  structure  and  morphology.  But  it  is  in  respect  to  their  physiological 
diversity  that  bacteria  simply  outclass  the  rest  of  life.  The  bacterium  Escherichia  coli 


